Building response to tunnelling-induced ground subsidence : some case histories from the Jubilee Line extension by Taylor , Graham Robert & Taylor , Graham Robert
Building response to tunnelling-induced ground 
subsidence: some case histories from tiie 
Jubilee Line Extension 
Graham Robert Taylor 
A thesis submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy and the Diploma of Imperial College London 
April 2005 

Abstract 
Abstract 
Tunnelling-induced ground subsidence, particularly at station locations and 
complex junctions can distort and damage overlying buildings and infrastructure. The 
mechanisms, which control this soil-structure interaction problem, are not well 
understood. The imposition of ground treatment processes further complicates matters. 
There are few published case histories of building response to serve as precedent for 
future works. The integration of construction activities with building response is 
fundamental to furthering the understanding of this complex problem. 
The construction of the JLE in London provided an opportunity to monitor in 
detail, the response of structures to tunnelling-induced ground subsidence. The 
objective of this thesis was to compile comprehensive case histories for a number of 
buildings above London Bridge underground station on the JLE to further the 
understanding of the mechanisms involved. This has been achieved by collating all 
available archival data for each building and then assimilating the corresponding 
time-line, relating the response of the building to the various tunnelling and ground 
treatment phases. Particular emphasis was given to the initiation and propagation of 
cracks, the three-dimensional building response and the horizontal strains generated by 
the passage of the subsidence trough through the building footprint. The results of 
these studies are several fully-documented, analysed and interpreted case histories, 
which illustrate the response of a number of buildings of varying age, nature, foundation 
type and configuration to complex large-scale, underground construction and associated 
ground treatment processes. 
Surface settlement development above London Bridge underground station is 
largely as expected given the construction sequencing and application of protective 
measures, as is its distribution. However, the influence of geological features on the 
settlement recorded is highlighted. The recorded settlements during underground 
construction vary up to about 75 mm in magnitude. 
Most of the case history buildings generally respond in a relatively rigid manner 
overall to the sub-surface works. Two do, however, exhibit relatively flexible behaviour 
overall; a relatively more rigid response is displayed by both structures prior to the 
cessation of compensation grouting ground treatment operations in the vicinity. In all 
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cases an abrupt increase in vertical displacement is recorded on the cessation of 
compensation grouting. The in-plane horizontal strains estimated are generally less 
than 500 microstrain, the value of limiting tensile strain delineating the 'negligible' and 
'slight'damage categories (Burland, 1995); the strains following the cessation of 
compensation grouting operations are little different to those measured before. The 
actual damage recorded, between categories 0 and 2, was generally superficial in 
nature and confined largely to the finishes. The buildings were considered structurally 
sound throughout underground construction. Deformation generally resulted from the 
resumption of movement along pre-existing features; the pre-existing condition of the 
building fabric has a significant influence on subsequent building behaviour. In some 
cases the severity of the damage sustained in the interim was greater than at the end of 
construction. The influence of relative stiffness in crack initiation and subsequent 
propagation is also highlighted; a concentration of cracking is observed around the 
stiffer structural elements. In addition, the phenomenon of twist has been quantified for 
several of the case history buildings at London Bridge; no damage has been directly 
attributed to this aspect. 
The behaviour of the case history buildings and the effects of the ground 
treatment in the long term are also verified; movements in the three years following the 
end of construction, equivalent to an average annual rate of settlement of between 2 
and 3 mm, are observed throughout the site. These observations are consistent with 
those reported for Waterloo Station on the JLE (Harris, 2002). 
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1.1 Introduction 
Construction of the world's first underground railway network began in London 
during the 19*^  century with the building of the section of the Metropolitan Line between 
Paddington and Farringdon Street (Day, 1977). This cut and cover tunnel was opened 
to fare-paying passengers on 10 January 1863. The first deep electric tube line to be 
constructed in London, and the world, the City and South London Railway, which linked 
King William Street in the City with London Bridge, Borough and Stockwell on the 
southern side of the River Thames (Figure 1.1), was opened on 4 November 1890 (Lee, 
1967). These tunnels were hand-mined through the London Clay using an open-face 
shield (Greathead, 1896). The current London Underground network was largely built 
soon thereafter. Thus London, and the London Bridge area in particular, have and 
continue to play an important role in the development of underground railways. 
Most of the world's major cities have subsequently developed similar 
underground transportation systems. Furthermore, as the major urban centres of the 
world have become more and more congested with surface traffic, and concerns have 
grown about the environmental impact of such surface transportation networks on the 
planet, planners are increasingly seeking alternative subsurface solutions to both ease 
the surface congestion and minimise the subsequent environmental impact. Not only 
does subsurface construction satisfy these aspects, such solutions also facilitate 
infrastructure expansion to cope with forecast future increases in demand on the urban 
transportation network. 
1.2 Background 
In recent times the general public have become increasingly concerned about 
environmental issues. This upsurge in awareness is reflected in the need for promoters 
of major infrastructure projects to thoroughly assess the environmental impacts of such 
schemes during the feasibility/planning stages of the procurement process; an 
environmental impact assessment has become a fundamental requirement 
(Environmental Resources Limited, 1990). 
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In the case of tunnelling projects, one of the main areas of public concern that 
the environmental assessment has to address. Is that of the potential for tunnelling-
induced ground movements to affect the buildings/real estate overlying a proposed 
route. This is particularly the case in older built-up areas where there may be buildings 
of considerable national, historical, or commercial significance. 
1.3 Previous investigations 
During the Parliamentary hearings in the early 1990s associated with the recently 
completed JLE, gaps in current knowledge concerning the assessment of the risk of 
damage to buildings, and in particular the distinct lack of well-documented, fully 
interpreted case histories due to tunnelling-induced ground subsidence, became 
apparent. 
In response, the LINK CMR research project was undertaken by Imperial College 
in collaboration with CIRIA, LUL and the JLEP. It comprised the monitoring of more than 
thirty buildings of various type, which were subject to the effects of tunnelling-induced 
ground subsidence during construction of the JLE (Burland et al., 1996, and Standing et 
a!., 1997). By means of intensive field measurement it was hoped to gain an improved 
understanding of:-
(a) building response to tunnelling-induced ground subsidence and 
associated ground movements; 
(b) effectiveness of protective and repair measures; 
(c) extent of the resulting damage. 
Closely associated research included the compilation of two fully-documented, 
factual case records of measured ground displacements above and around twin tunnels 
at greenfield reference sites along the route of the JLE (Standing et al., 1996). These 
factual case records have been converted into fully-interpreted case histories (Nyren, 
1998; Dimmock 2000, 2003). 
A numerical investigation of the influence of building stiffness on the response of 
structures to tunnelling-induced ground subsidence was also undertaken 
contemporaneously with the LINK CMR project (Addenbrooke, 1996). Other research 
undertaken at Imperial College into tunnelling-induced ground subsidence at this time 
included a review of the ground and building movements observed at Heathrow Airport 
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during the construction of the Heathrow Express tunnels (Barakat, 1996). 
1.4 Aims of research 
Peck (1969a) stated that one of the three requirements for a satisfactory tunnel, 
was that tunnel construction should not excessively damage adjacent or overlying 
buildings, streets or utilities. Ward & Pender (1981) stated that to fulfill this requirement 
one 'needs an ability to predict both the ground motions associated with the tunnelling 
operation and a knowledge of what ground movements the surrounding structures will 
tolerate'. It is this topic with which this thesis is concerned. 
The structural deformation and building damage that result from soft ground 
tunnelling remain not well understood. The problem is interactive in nature: just as 
tunnelling-induced ground movements affect buildings, the presence of such surface 
structures affect these ground movements. The use of ground treatment processes as 
a form of protective measure further complicates matters. 
The primary aim of this research programme is the conversion of several of the 
factual case records of building response to tunnelling-induced ground subsidence, 
which have been compiled during the construction of JLE London Bridge underground 
station, into comprehensive, fully-interpreted case histories. The case history buildings 
are detailed in Table 1.1, and shown in Plate 1.1. The influence of tunnelling operations 
and any accompanying protective measures on the progressive development of the 
ground subsidence and corresponding building response are considered as part of this 
process. The timing and location of all significant construction activities, excavation 
phases and grouting episodes, are integrated with the measured ground and building 
movements, and the onset/propagation of any damage. The effectiveness of 
compensation grouting as a protective measure is also quantified, and the various 
grouting strategies assessed. 
The resulting case histories will provide a basis for understanding the 
mechanisms of progressive ground and building movements as well as their mitigation, 
and aid the development of conceptual models of the physical processes involved in this 
complex soil-structure interaction problem. 
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1.5 Layout of thesis 
The thesis is laid out in the following chapter-by-chapter manner: 
Chapter 2 
comprises a brief review of the published literature In relation to the 
various tunnelling techniques that were employed at London Bridge on the JLEP. These 
techniques are firstly described, with particular reference to the source and nature of any 
ground loss, before the current methods of prediction used to define both surface and 
sub-surface ground movements are outlined. 
Chapter 3 
consists of a brief review of the historical development of building damage 
assessment, including the parameters used to describe foundation movements, the 
limits on such movements and damage classification, as well as a description of the 
methods currently in use in the U.K. to assess the potential effects on buildings of 
ground deformations generated by underground construction. The influence of building 
stiffness and three-dimensional effects are also presented. 
Chapter 4 
the most common forms of protective measure currently in use to mitigate 
for the effects resulting from the movements that inevitably occur even during well-
controlled underground construction, are described in this chapter. 
Chapter 5 
this chapter briefly describes the JLEP as a whole. The salient 
geological, geomorphological and hydrogeological aspects of the route in general and 
that at London Bridge in particular, are also presented. 
Chapter 6 
the various works undertaken during the construction of the JLE 
underground station and associated improvements works to the adjacent Northern Line 
in the vicinity of the case history buildings under investigation at London Bridge are 
described in this chapter. Protective measures, including permeation and compensation 
grouting ground treatment operations, were implemented on a large scale at this site. 
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Chapter 7 
the instrumentation and monitoring techniques used to quantify the 
response of the case history buildings to the tunnelling-induced ground movements are 
described in this chapter. Additionally, there is a discussion of specific errors and their 
relative magnitudes, where these can be quantified, and subsequent treatment. 
Chapter 8 
this chapter presents a brief history of the London Bridge area and the 
case history buildings under consideration in this thesis. The protective measures 
Implemented to the buildings as a result of the potential damage assessment process, 
are also described. 
Chapter 9 
the overall surface settlement response observed in the vicinity of London 
Bridge underground station during its construction is summarised in this chapter. The 
measured displacements are related to those anticipated; the observed response is 
compared to Class C1 (Lambe, 1973) predictions of immediate volume loss settlement 
in the absence of protective measures. 
Chapter 10 
the subject of this chapter is the progressive response of the four 
buildings in the vicinity of London Bridge Street - Telephone House, the BT Building, 
Fielden House and London Bridge Post Office - to the construction of the JLE London 
Bridge underground station. 
Chapter 11 
the behaviour of the four buildings situated directly above the JLE London 
Bridge underground station - Alam House, the Southwark Cathedral Chapter House, 
Collegiate House and Mary Sheridan House - during its construction is the subject of this 
chapter. 
Chapter 12 
the overall conclusions of the research project with regard to building 
behaviour, underground construction, protective measures, and instrumentation and 
monitoring are presented in this chapter. Areas for further research in relation to 
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underground station construction are also identified. The chapter concludes with some 
recommendations for best practice on such large-scale ground engineering projects. 
The figures and tables referred to in the text are contained in Volume 2 of this 
thesis. 
The work forms part of the EPSRC-sponsored research project, 'The 
mechanisms of tunnelling-induced ground movements, their progressive effects on 
buiidings and their mitigation: a synthesis of case records for application to practice', a 
collaborative effort between Imperial College and Cambridge University. 
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Chapter 2 -
Ground response to soft 
ground tunnelling 
In this chapter the various tunnelling techniques that were employed at London 
Bridge, and with which this research programme is concerned, are first described in 
general, the salient features of each with respect to ground movement being highlighted, 
before the methods of prediction used to define both surface and sub-surface ground 
displacements are outlined. This thesis is concerned only with the effects arising from 
bored tunnelling, i.e. a mined tunnel, as distinct from those formed employing cut-and-
cover methods and this chapter reflects this. This chapter together with subsequent 
Chapters, 3 and 4, are not exhaustive in their contents, concentrating rather on the more 
significant developments in the respective subjects in relation to tunnelling-induced 
ground subsidence. 
2.1 Introduction 
Underground construction is inevitably accompanied by ground movements. The 
extent of these movements is dependent upon, amongst others, the following factors; 
a) the ground and groundwater conditions through which the works are 
carried out; 
b) the nature of the sub-surface structure and construction methods 
adopted; 
c) the quality of the workmanship and the corresponding level of supervision 
employed during construction. 
The last factor, encompassing essentially human aspects, is particularly difficult, 
if not impossible, to accurately quantify. In this thesis it is assumed that a sufficient level 
of supervision is employed to ensure an adequate quality of workmanship is achieved in 
the construction of the various sub-surface structures under consideration. These 
comments are equally applicable to the associated ground treatment operations that 
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were implemented at London Bridge. 
2.2 The tunnelling process 
The ground, and to a greater degree, the groundwater conditions, dictate the 
tunnelling techniques that can be employed at a particular site. Within Central London, 
the London Clay Formation provides a generally suitable tunnelling medium, in which 
open-face techniques, wherein a sequence of excavation is followed by support, can be 
readily applied. This thesis is concerned essentially with the effects on surface buildings 
of soft ground tunnelling in such stiff cohesive deposits. Soft ground and soft ground 
tunnelling are defined as 'any type of ground requiring support as soon as possible after 
excavation in order to maintain stability of the excavation' (ICE, 1996). Ward & Pender 
(1981) concluded that an essential requirement for such tunnelling was 'not only to 
control but to limit the magnitude, extent and variation with time of the deformation of 
the surrounding ground'. In order to achieve this, it is necessary to understand, for a 
particular set of ground and groundwater conditions, how the surface movements are 
related to the movements that are allowed to occur in the immediate vicinity of the tunnel 
during driving, and in turn, how these are related to the different available tunnelling 
techniques. 
At London Bridge both traditional hand-mining and the SCL technique were 
employed during the formation of the various sub-surface structures. For brevity the 
following discussion on the tunnelling process is largely restricted to that associated with 
these open-face methods in cohesive soils; closed-face tunnelling techniques, such as 
the Earth Pressure Balance method, are not discussed in detail nor are issues 
associated with tunnelling through granular media. 
2.2.1 Open-face shield tunnelling 
The open-face hand shield TBM developed by Brunei at the beginning of the 19'^  
century was the first form of tunnelling shield; it was rectangular in section and used in 
the construction of the first Thames Tunnel at Rotherhithe (Skempton & Chrimes, 1994). 
The first circular shield was designed by Greathead for use in the excavation of the City 
and South London railway line tunnels at London Bridge (Greathead, 1896). 
Greathead's design has formed the basis of subsequent shields right up to the present 
day. 
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Open-face shield TBMs are characterised by the relatively simple methods 
employed to support the excavation face; they provide, at best, only partial support to 
the excavation face. Subsequent excavation will result in a length of unsupported tunnel 
prior to jacking the shield forward; crown stability is imperative as any ground collapse 
into the tunnel will induce excessive ground movements. There are two types of open-
face shield TBM - hand and mechanised, which in turn can be sub-divided into part- and 
full-face shields. The mechanised shield, an example of which is shown in Figure 2.1, 
exemplifies a modern open-face shield TBM. 
As shown in Table 2.1, the construction sequence adopted when employing 
open-face shield techniques generally comprises four stages. The volume of soil 
excavated during tunnelling will normally be greater than the theoretical volume of the 
tunnel, as defined by its geometry, as ground is lost into both the face and perimeter of 
the excavation during formation. This ground loss is defined as the difference between 
the volume of soil actually excavated and the design volume as represented by the cut 
surface (Attewell, 1978). It results from the inward movement of material towards the 
excavation and is manifest at the surface in a settlement trough. In low permeability 
materials such as stiff clays, the initial response of the ground to tunnel excavation is 
essentially undrained. Thus, the volume of the surface settlement trough is equivalent to 
the volume of soil that is excavated in excess of the theoretical volume of the tunnel (see 
Figure 2.2). This excess volume, which is commonly referred to as the volume loss, is 
expressed as the proportion of the design volume (per unit length). There are various 
causes for the loss of ground into the excavation, including 
a) Heading loss; 
b) Face loss; 
c) Shield loss; 
d) Post-shield/pre-grout loss; 
e) Post-grout loss 
A schematic of a conventional open-face shield tunnel boring machine is 
presented in Figure 2.3, annotated with these various sources of ground loss. Face 
loss is the loss at the tunnel face proper and is directly related to the face pressure 
applied. It contributes to both the lateral spread and the extent of the fonA/ard 
longitudinal span of the surface settlement trough (Attewell et al., 1986). A number of 
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cases have been reported in the literature for open-face tunnelling through London Clay 
in which significant ground movements have been observed ahead of the excavation 
face due to stress relief (Ward, 1969; Mair and Taylor, 1993; Van der Berg, 1999; 
Dimmock, 2003). Additionally, evidence has been presented that indicates increased 
ground losses occurring in clays due to greater unsupported lengths of tunnel in front of 
the shield (Mair et al., 1981; Macklin, 1999). 
The shield loss comprises the radial ground loss around the perimeter of the 
shield and its tail due to the presence of an overcutting bead or equivalent device, for 
example a tapered shield (Kastner et al., 1996), installed to reduce friction between the 
shield extrados and the surrounding ground. During the passage of the shield an 
annulus is formed around it. Together with judicious control of the thrust on the jacks of 
the shield, the overcutting bead facilitates shield steering, particularly on tight radius 
curves. Any tendency for the TBM to plough or yaw will result in additional radial ground 
movements directed towards the tunnel. 
Post-shield (or pre-grout) loss is the radial ground loss that occurs behind the 
tailskin of the shield due to the existence of a gap between the tailskin and the outer limit 
of the tunnel lining. It may be a continuation of movement initiated over the shield due to 
the presence of an overcutting bead or similar, or a reactivation of movement as the 
shield advances; the ground around the rear of the shield will be more disturbed than 
that at the front as it has undergone shearing during shield advance. Post-grout loss 
occurs behind the tail of the shield until the grout has set sufficiently to resist further 
inward ground movement; it is manifest in the deflection of the tunnel lining as the 
ground load develops. 
Tunnel linings usually comprise a number of precast segments arranged around 
the circumference of the tunnel excavation to form a closed ring. The segments should 
be designed and erected such that they possess the structural integrity to support the 
applied external earth and grout pressures. Two types of lining are in common use: 
bolted segmental linings and expanded segmental linings. A bolted lining tends to be of 
a fixed diameter; grout is often injected into the annulus between the lining and the 
excavated boundary to restrict further ground movement. In contrast an expanded 
segmental lining is expanded against the excavated boundary and no back-grouting is 
usually necessary. The use of different key wedge segments facilitates the formation of 
different diameters. 
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It is rarely practicable to make a tunnel watertight and as a result, on 
construction, tunnels can behave like drains (Ward & Pender, 1981), the resultant radial 
seepage flow reducing the pore water pressures in the vicinity and giving rise to a 
corresponding increase in the effective stress of the surrounding soil. In cohesive soils 
such as London Clay these changes will induce consolidation settlement of the 
surrounding ground. 
2.2.2 Sprayed Concrete Lining 
In this thesis the SCL technique is defined as the application of sprayed concrete 
(shotcrete) as initial (primary/temporary) support to sequential tunnel excavation' {\CE, 
1996). As shown in Figure 2.4, short lengths of tunnel are systematically excavated, cut 
in benches, followed by the rapid application of a flexible shotcrete support structure; 
several excavation sequences are possible. Steel reinforcing mesh and lattice arch 
girders are usually incorporated into the shotcrete lining. Installation of a permanent 
(secondary) support system follows at a predetermined later date. 
An observational approach (Peck, 1969b; Nicholson et al, 1999) is adopted with 
instrumentation being used to monitor the performance and safety of the primary 
support system, thereby validating its design. The excavation sequence and 
corresponding face areas may be varied in response to the monitored lining behaviour. 
Different excavation configurations, for example heading, bench and invert in full-face or 
side drifts, are commonly in use (Bowers et al, 1996). The primary support details are 
not usually varied in response to the monitoring data. Staged excavation sequences 
result in narrower settlement troughs with depth than the equivalent tunnel formed by 
open-face shield; more ground convergence occurs at the tunnel crown than the 
adjacent axis level (i.e. the tunnel squats). Deane & Bassett (1995) noted that the 
Types 1, 2 and 3 excavation sequences used in the Heathrow Express trial tunnel were 
associated with different ratios of tunnel axis to crown displacement. In the case of soft 
ground tunnelling, casting of the invert completes the load-bearing primary support 
structure. 
The SCL technique for tunnelling in soft ground, whilst not employing any NATM 
philosophy, does use construction techniques often associated with NATM, which was 
developed during rock tunnelling in the Alps (Rabcewicz, 1964). The SCL method offers 
significant flexibility in comparison to traditional shield tunnelling methods, it can 
accommodate non-circular tunnel sections and complex junctions, where several tunnels 
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meet. The ground losses associated with this tunnelling technique can be categorised 
as: 
a) face loss: deformation of the ground ahead of the excavation face; 
b) shotcrete loss: deflection of the temporary shotcrete lining as ground 
loading develops. 
It has been reported by several authors (Deane & Basset, 1995; Van der Berg, 
1999, 2003; Dimmock, 2003) that the nature of the deformation of the temporary 
shotcrete lining tends to be different to that displayed by traditional precast segmental 
linings. The monitored displacements revealed that the lining converged during the 
construction phase resulting in additional ground loss. Deane and Bassett suggested 
that any delay in closing the tunnel ring at the invert may result in increased ground loss. 
2.2.3 Hand excavation 
Hand excavation of soft ground tunnels requires a temporary system of support 
to hold the insitu material in place while a permanent, load-bearing lining is installed. 
Material is removed from the face through the temporary system supporting it and the 
crown. Immediately following a sufficient advance, usually the length of one tunnel ring 
segment, tunnel lining rings are erected, bolted and back-grouted. On completion of 
each ring, excavation recommences. 
The extent of the temporary support system required is dependent upon several 
factors, including the properties of the soil, the time lag between the erection of the 
temporary support system and the installation of the permanent tunnel lining as well as 
concern over surface settlements. Once a stable ring structure has been formed, hand 
excavation can proceed using the advancing tunnel lining to support the temporary 
excavation face support system. 
The nature and source of the ground losses associated with this tunnelling 
technique are similar to those for shield tunnelling, namely 
a) Face loss; 
b) Pre-grout loss; 
c) Post-grout loss 
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The deformation of the ground towards the excavation face as a result of stress 
relief depends upon the tunnel face pressure applied; for tunnels excavated by hand 
without the aid of a shield, the principal source of ground movement into the heading is 
yield of the ground. Pre-grout loss is the radial ground loss that occurs behind the 
excavation face due to the existence of a gap between the temporary support provided 
and the outer limit of the tunnel lining; if good construction practice is followed, and each 
ring is back-grouted as soon as possible after erection, the component of radial ground 
movement towards the lining is very small. Post-grout loss occurs behind the tail of the 
shield until the grout has set sufficiently to resist further inward ground movement; it is 
manifest in the deflection of the tunnel lining as the ground load develops. 
2.2.4 Pilot tunnels 
A pilot tunnel is a smaller tunnel driven through the ground, which will later be 
excavated, to construct a larger, permanent tunnel. It can be concentric with the 
alignment of the final tunnel or it may be positioned elsewhere, for example near the 
crown to ensure that a 'buried channel'Ml of gravel does not encroach down into the 
tunnel profile. A pilot tunnel may serve one or more of the following purposes: 
(a) to explore the ground conditions and monitor any changes during 
tunnelling; 
(b) to facilitate ground treatment before commencing the main tunnel drive; 
(c) to improve support of the excavation face both by reducing the area of 
ground to be supported and by providing anchorage for any face support 
system; 
(d) to provide access ahead, which may be the only way of disposing of 
excavated material, or of providing adequate ventilation for the miners; 
(e) to avoid interruption of long, running tunnel drives, i.e. at station locations. 
The first three uses are specifically undertaken to avoid excessive settlement. 
Mair (1993) has proposed that pilot tunnels reduce the overall ground movements 
incurred during large diameter tunnel construction. As shown in Figure 2.5, the pilot 
tunnel is considered to act as a large dowel, stabilising the excavated faces and limiting 
settlement during subsequent enlargement; as the ground attempts to yield into the face 
of the enlarged tunnel, shear stresses between the ground and the pilot tunnel restrict 
that movement. Harris (2001a) concluded from experience on JLE Contract 102 that the 
field data was inconclusive. 
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2.3 Ground movements due to tunnelling and their prediction 
Two phases of ground displacement arising from tunnelling have been identified: 
the immediate or short-term phase accompanying excavation and the post-construction 
or long-term phase of time-dependent movement. The former, which can be predicted 
with reasonable confidence, given an appropriate level of supervision and quality of 
workmanship, has traditionally been thought to govern the overall ground response. 
In the case of tunnel excavation, the movements are manifest at ground level in 
the surface settlement trough. As shown in Figure 2.6, as the tunnel excavation face is 
driven the surface settlement trough develops to the front, rear and sides of, and 
advances with, this face; both vertical and horizontal components of displacement are 
evident. The trough is not fully developed until some time after the passage of the 
working face. The magnitude of the displacements depends on, amongst other things 
the tunnel diameter, and the geological genesis and nature of the tunnelling medium. 
To ensure a successful outcome when constructing a tunnel it is necessary to be able to 
predict both the magnitude and nature of this settlement trough. 
2.3.1 The surface settlement trough 
The empirical predictive methods discussed in this sub-section are applicable 
mainly to cohesive materials. The concept that the initial, transverse 'greenfield', surface 
settlement profile above a single tunnel excavated through soft ground could be 
described approximately by an inverted normal probability (Gaussian) distribution curve 
was first put forward by Schmidt (1969), Peck (1969a), following the work of Martos 
(1958). This reasonably accurate, simple, empirical formulation was developed from 
considerations of stochastic analysis and correlated against the then limited available 
case history data. Subsequent researchers (including O'Reilly & New, 1982, 1983; 
Rankin, 1988; New & O'Reilly, 1991) have generally confirmed the applicability of such a 
curve (see Figure 2.7). Thus, the initial transverse surface settlement at any point a 
distance, y, from the tunnel axis can be calculated from the expression for the inverted 
normal probability distribution curve as follows: 
S , = S „ „ e ' ^ ' (2.1) 
The volume of the surface settlement trough (per metre run of tunnel) can be 
evaluated by integrating this equation. When tunnelling in stiff clays, ground movements 
usually occur under undrained conditions, and thus the volume of the surface settlement 
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trough is equal to the volume of ground lost into the excavation. 
1/ = (2.2) 
It is more convenient to express the volume loss in terms of the volume of the 
surface settlement trough, expressed as a percentage fraction of the excavated area of 
the tunnel. For a circular tunnel, 
(2.3) 
The volume loss is a key parameter in the tunnelling process; its magnitude 
depends upon both the type of ground through which the tunnel is to be constructed and 
the tunnelling method that is to be employed. 
2.3.2 Trough width parameter 
Peck (1969a) suggested relationships between tunnel depth, diameter and 
trough width based on the ground conditions encountered. O'Reilly & New (1982, 1983) 
concluded from a review of U.K. tunnelling case histories that an empirical, 
approximately linear function relating the horizontal distance from the tunnel centre-line 
to the point of inflexion of the surface settlement trough, i, to the depth to the tunnel axis, 
Zq, can be adopted, namely 
'y = l^-^O (2-4) 
K is an empirical factor commonly referred to as the trough width parameter. In 
stiff clays, such as overconsolidated London Clay, the recommended value for K varies 
between 0.4 and 0.5, depending upon the method of tunnelling adopted (Rankin, 1988). 
Similar results are reported by Kimura and Mair (1981) from a series of centrifuge tests. 
Equation 2.4 is also broadly independent of the tunnel construction method employed. 
2.3.3 Longitudinal surface settlement profile 
As shown in Figure 2.8, for ground deformation at constant volume, and 
following on from the assumption that the transverse surface settlement profile can be 
reasonably well described by an inverted normal probability distribution curve, Attewell & 
Woodman (1982) proposed that the shape of the corresponding longitudinal profile can 
be described by a cumulative normal distribution function. A common assumption is that 
the surface settlement directly above the tunnel face corresponds to O.SSmax- Attewell & 
Hurrell (1985) proposed that for most practical purposes it is reasonable to assume that 
the longitudinal and transverse trough width parameters are equal. 
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2.3.4 Horizontal movements 
As the surface settlement trough develops in response to the passage of the 
tunnel excavation face, downward vertical displacement is accompanied by horizontal 
movement, which, at the surface as shown in Figure 2.9, is directed towards the centre 
of the settlement trough. The most damaging movements, potentially, to overlying 
structures are those which result in tensile strain and a hogging mode of curvature. 
Based on the empirical formulations discussed above, the maximum slope, 
curvatures and horizontal strains developed for the longitudinal settlement profile are 
significantly less than the corresponding values for the transverse settlement profile. 
Thus, the transverse settlement trough will usually represent the highest risk of damage 
to a surface structure. In some situations, however, longitudinal effects can be 
significant, for example in cases where the tunnel alignment is skewed to the building, 
the development of the longitudinal surface settlement profile may subject the building to 
a racking type of movement. 
2.3.5 Sub-surface movements 
Mair et al. (1993) analysed various subsurface data, from both the field and 
laboratory, and concluded that subsurface settlement profiles can be reasonably 
approximated by an inverted normal probability (Gaussian) distribution curve in the same 
manner as the transverse surface settlement profile. In this work, the plasticity solution 
for the unloading of a cylindrical cavity was adopted to describe the horizontal and 
vertical subsurface movements. The study was largely restricted to the vertical 
movement above the tunnel centre-line and the corresponding horizontal movement at 
tunnel axis level. Mair et al. (1993) also demonstrated that the horizontal distance from 
the tunnel centre-line to the point of inflexion of the sub-surface settlement, i, is not 
constant with depth. As shown in Figure 2.10, the sub-surface settlement troughs are 
proportionally wider with depth. An equation of the form shown below, relating the 
trough width parameter and the depth to the tunnel axis was thus formulated. 
^__0,7S.0.325(1-V 
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Dimmock (2003) has reinterpreted the data upon which Mair et al. (1993) based 
their findings, and a new empirical relationship has been proposed for open-face shield 
tunnelling in stiff clay. The new relationship suggests a wider settlement trough close to 
the tunnel crown. 
_ 0.225 + 0.275(1-f) 
An alternative approach for estimating the trough width and corresponding 
maximum settlement of a sub-surface settlement trough was presented by Heath & 
West in 1996. In this approach a binomial distribution is employed to describe the 
settlement trough rather than the traditional Gaussian curve. 
Taylor (1995), following on from the work of Mair et al. (1993), postulated that for 
constant volume conditions, such as experienced during tunnelling in stiff clays, the 
resultant of the horizontal and vertical displacement vectors are directed towards a point 
on the tunnel centre-line below axis level. This results in horizontal movements of only 
65% of those obtained assuming that the ground movements are directed towards the 
tunnel axis. Grant & Taylor (2000) present the results of a suite of centrifuge tests, 
which studied this aspect. The sub-surface settlement trough data obtained is in 
relatively good agreement generally with the work of Mair et al. (1993). 
Deane and Bassett (1995) conclude from analysis of data from the Heathrow 
Express trial tunnels that the displacement vectors are directed towards a point between 
tunnel axis and invert levels or below invert level. New & Bowers (1994) demonstrate 
that, in the case of the Heathrow Express trial tunnels, the point sink assumption results 
in an overly narrow trough width and over-predicted settlements above the tunnel centre-
line within the zone from the periphery of the tunnel to about one tunnel diameter away. 
The influence on ground movement development, of a layered soil profile of 
varying stiffness, overlying a clay through which a tunnel is constructed, was 
investigated by Hagiwara et al. (1999). A series of centrifuge tests was performed, in 
which sand layers of different density were placed over a clay layer. The same stress 
regime was maintained within the clay layer in all the tests. The results of these tests 
were compared to a reference test conducted on the clay alone. The tests illustrated 
that sub-surface settlement troughs become wider as the stiffness of the top layer 
Increases 
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2.3.6 Multiple tunnels 
The above discussion has been concerned largely with the case of a single 
tunnel driven in isolation; in practice it is usual for two or more tunnels to be driven in 
relatively close proximity. In these situations it has been commonly assumed that the 
settlements that would have occurred during construction of each individual tunnel can 
be superimposed (see Figure 2.11), i.e interaction effects are largely ignored (Mair & 
Taylor, 1997). The assumption that the vectors of displacement are oriented towards a 
point sink at the centre of each tunnel also enables the determination of horizontal 
movements in the same manner. 
However, numerous researchers have reported the effects of interaction when 
tunnels are driven in close proximity (for example Perez Saiz, 1981; Shirlaw et a!., 1988; 
Harris, 2001b). In addition, several authors have observed an asymmetry for surface 
settlement data above twin tunnels bored in a variety of materials (for example Bartlett & 
Bubbers, 1970; Cording & Hansmire, 1975; Nyren, 1998; Cooper & Chapman, 1999). 
As shown in Figure 2.12, the settlement recorded above the second tunnel to be formed 
is offset towards the first tunnel. 
Addenbrooke (1996) concluded from a numerical study of twin tunnel 
construction that the volume loss, and hence settlement, resulting from the excavation of 
the second tunnel was more than that caused by the first tunnel when the separation 
distance was less than seven tunnel diameters. Addenbrooke & Potts (2001) concluded 
from further numerical studies of this problem that the duration between construction of 
the first and second tunnels does not seem to be a significant factor. 
2.3.7 Shafts 
Few measurements of ground movements around deep circular shafts in stiff 
clays such as London Clay, have been published. Experience has shown that the 
ground movements around deep shafts in stiff clays are generally very small and thus 
not a cause for concern. Detailed ground movement measurements around the 
Heathrow Express trial shaft are reported by New & Bowers (1994). An 11 m diameter 
shaft was constructed to a depth of 26 m in London Clay adopting a combination of 
traditional underpinning techniques and the more recent SCL method. The surface 
settlements and horizontal ground movements towards the shaft measured during the 
trial are presented in Figures 2.13 and 2.14, respectively. A simple curve was fitted to 
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tlie data, the equation of which is of the form: 
(2.8) 
The curve is such that vertical displacement is zero at a distance from the edge 
of the shaft equal to the shaft depth. The best fit for a to the Heathrow Express Trial 
data is 0.0006, i.e. the settlement at the shaft wall is equal to 0.06% of the excavation 
depth. This is consistent with published field data for propped retaining structures in stiff 
fissured clays (Burland et al., 1979). The equation's lack of dependence on the shaft 
diameter may be a limitation, and caution must be exercised when applying it to shafts 
whose diameters are significantly different. 
2.3.8 Long term behaviour 
The settlement that develops in the long term following tunnel construction is a 
complex subject, which has received relatively little research effort. There are few 
published case histories of the long term impacts of tunnelling-induced ground 
subsidence (examples include Barratt and Tyler, 1976; O'Reilly et al., 1991; Forbes et 
al., 1994; Bowers et al., 1996). Historically, it has been considered unproblematic. The 
continuing, largely vertical movements have been assumed to be approximately uniform 
in nature, resulting in an enlarging of the initial surface settlement trough (Lake et al., 
1992). Further significant lateral displacements and strains are considered unlikely. 
Any surface structures affected are more likely to exhibit free body movement; 
building stiffness does not modify the shape of the consolidation settlement profile to the 
same extent as that for immediate volume loss movement. Harris (2001c) concluded 
that overall long term settlements are less problematic than those associated with 
volume loss although there are notable exceptions (Harris 2001b, 2001c). Where 
damage has been induced during construction or existing defects/lines of weakness 
exist, concentration of strain can occur, significantly increasing the degree of damage 
incurred. Greater consolidation movements are to be expected at station complexes 
given the number of large diameter tunnels in close-proximity and at a range of 
elevations, in these areas. 
Significant factors which influence the magnitude, rate and distribution of long 
term ground movement include: 
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(a) the initial pore pressure regime; 
(b) the change in pore pressure due to tunnelling; 
(c) the final equilibrium pore pressure regime; 
(d) the compressibility and permeability (both vertical and horizontal) of the 
soil. 
Tunnel construction induces changes in the pore water pressure regime and 
thereby the effective stress of a soil; this is manifest in time dependent volume changes. 
The available case history data suggests that settlement effects are not complete within 
a few weeks of the tunnel face passing any reference point but rather settlement 
continues for long periods, several years in some instances, following completion of 
tunnel construction (O'Reilly et al., 1991). 
In the London Clay Formation the potential for ground movements to continue 
long after completion of tunnel construction is well understood. A new drainage 
boundary condition has been introduced, the pressure on the inside face of the tunnel 
lining is atmospheric. On completion of tunnel construction the pore pressures are not in 
equilibrium with the modified boundary conditions; if the lining is not totally impermeable, 
flow of pore water towards the tunnel will occur. It will continue until a steady state flow 
pattern has been attained. The final pore pressures are generally lower than those 
immediately after tunnel construction. Settlement will occur as the pore pressures 
reduce to their long term values. 
Harris (2002) has drawn attention to the importance of the distribution of relative 
permeability in determining the magnitude and rate of consolidation movements. The 
position of the tunnel in relation to the permeability profile is of great significance. In 
general, the rate of consolidation settlement will decrease progressively with time 
following the end of construction. The relative permeabilities of the lining and 
immediately surrounding ground are also important factors governing the effectiveness 
of a tunnel when acting as a drain. Harris (2002) concluded that recent evidence from 
the JLEP strongly supported the postulate that tunnels constructed through London Clay 
act as drains. The presence of pre-existing tunnels in the vicinity can restrict the 
development of consolidation settlements in response to the construction of further 
tunnels (Burland, 2001). 
Substantial consolidation settlements can occur during construction, particularly 
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at station locations where several tunnels are to be constructed in close proximity. 
Harris (2001c) has suggested that up to 20% of the total movement could be due to 
consolidation effects rather than immediate undrained, volume loss movements. 
Dimmock (2003) concludes that the magnitude of long term settlement appears 
to be related to the permeability of the tunnel lining; less settlement is observed on the 
JLE, where the tunnel lining is formed of continuous shotcrete, for example beneath 
Elizabeth House, Waterloo. He also demonstrates that in such cases the majority of the 
reduction in pore pressure, occurs at the sides of the tunnels; little compressive strain is 
measured above the tunnel crown resulting in a widespread and relatively uniform 
overall surface settlement trough. In the cases examined by Dimmock no mention is 
made of the potential influence of pre-existing tunnels on the initial pore pressure regime 
and the magnitude of subsequent long term settlement although such features are 
present. While the relative permeability of the tunnel lining, for example shotcrete as 
used in the SCL technique, may influence the magnitude of long-term settlement other, 
potentially more significant factors, also affect the nature of the response. 
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Chapter 3 
Soil-structure interaction 
The effect of tunnelling on overlying structures can be a critical factor in 
determining the feasibility of an underground project. The response of a building to 
ground deformation is dependent upon the relative rigidity the structure possesses. At 
one extreme a very rigid building may suffer little damage, while at the other a flexible 
structure will replicate the displacements and strains of the ground settlement profile and 
incur damage accordingly. This chapter firstly reviews the historical development of 
building settlement assessment, including damage classification, before presenting the 
methods currently in use in the U.K. to assess the effects on buildings of ground 
deformations generated by underground construction. This chapter is not exhaustive in 
its contents, concentrating rather on the more significant developments in this subject in 
relation to tunnelling-induced ground subsidence. 
3.1 Introduction 
The two-dimensional components of deformation are shown diagrammatically in 
Figure 3.1. Of particular note is that differential horizontal movement is often more 
damaging than differential vertical displacement of a similar magnitude. Displacements 
resulting in a hogging mode of deformation are normally more significant than those 
causing a sagging deformation profile. Underground construction can cause modes and 
rates of deformation quite different from those that result from self-weight and imposed 
structural loadings. The rate of deformation is relatively rapid, initially, before reducing in 
the long term to values more associated with permanent loadings; significant horizontal 
movements can be generated. Also, the effects of tunnelling-induced ground 
subsidence are superimposed upon those already experienced by the structure. 
In most cases, particularly those concerning buildings of historic or national 
significance, allowance will not have been made for these historic movements in the 
original design and their effect may be out of all proportion to their magnitude. O'Rourke 
et al. (1976) and Atteweil et al. (1986) observed that any criteria for the onset of cracking 
in brickwork structures should take into account the age and quality of the brickwork, 
and thus the strain history o-i the building. Additionally, past alterations to the building 
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may introduce ^weaknesses or structural discontinuities, which are subsequently 
susceptible to tunnelling-induced ground subsidence. 
3.2 Definitions: foundation movements 
Burland & Wroth (1975) concluded that there was a wide variety of symbols and 
terminology then in use in the literature to describe foundation movements, much of it 
confusing. In order to rationalise the nomenclature, they proposed an unambiguous and 
consistent set of definitions, which are shown diagrammatically in Figure 3.2 and 
summarised in Table 3.1, to describe the types of movements and deformations 
experienced by foundations. The definitions are based on the displacement of a number 
of discrete points located on a foundation. The various terms have been defined such 
that they do not prejudice any conclusions about the distortions of the building 
superstructure as these are dependent upon a large number of factors. This 
terminology was only intended to apply to Vn-p/ane' deformations; no attempt was made 
to define the three-dimensional behaviour of a foundation. This set of definitions is now 
widely accepted throughout the world and has been used in this thesis when describing 
building behaviour. 
3.3 Historical background 
Up until recently, the study of the effects of ground displacement on structures 
has been largely restricted to that associated with self-weight induced building 
deformation. Several authors have suggested limiting values for the maximum allowable 
total vertical foundation settlement for a range of building types (for example Skempton 
& MacDonald, 1956; Polshin & Tokar, 1957; Wilun & Starzewski, 1972). Their proposals 
were tabulated by Lake et al. (1992) and are reproduced herein as Table 3.2. In 
addition, some authors have used field observations to correlate structural distortion with 
tangible damage (for example Meyerhof, 1953,1956; Skempton & MacDonald, 1956; 
Polshin & Tokar, 1957; Bjerrum, 1963; Feld, 1965; Grant et al., 1974; Burland & Wroth, 
1975; O'Rourke et al., 1976). Their findings were tabulated by the Institution of 
Structural Engineers (1978, 1989 and 2000) and are reproduced in this thesis as Table 
3.3. In general, the recommendations of the various researchers are remarkably 
consistent. 
Skempton & MacDonald (1956) reported the results of surveys of 98 buildings, of 
which 40 had suffered varying degrees of damage as a result of ground movement. The 
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case studies included load-bearing wall type structures as well as steel and reinforced 
concrete framed buildings with brick infill panel walls. On the basis of the surveys they 
proposed tentative limiting values in terms of angular distortion and, less accurately, 
maximum and differential settlement; implicit in the use of angular distortion as the 
deformation criterion, is the acknowledgement that the building distorts primarily in 
shear. Skempton & MacDonald (1956) did not specifically correlate the observed 
movements against the degree of damage incurred. In 1963 Bjerrum supplemented 
Skempton & MacDonald's recommendations by relating values of angular distortion to 
various types of damage, while Grant et al. (1974) updated the database of case records 
originally considered following a review of the literature. This review largely reinforced 
the findings of the initial authors. 
Polshin & Tokar (1957) categorised different types of structures based on 
observed deformations. They also made use of the relationships between the length 
and height of a building, and relative deflection in the development of deformation 
criteria based on a limiting value of tensile strain before cracking. This concept was 
extended by Burland & Wroth (1975) with the introduction of the cr/fca/tensile strain. 
They concluded from a study of the results of numerous large-scale tests on masonry 
panels and walls (Burhouse, 1969; Mainstone, 1972; Mainstone & Weeks, 1972) that, 
for a given material, the onset of visible cracking is associated with a reasonably well-
defined value of average tensile strain that is not sensitive to the mode of deformation; 
this parameter they defined as the cr/f/ca/tensile strain. Burland & Wroth noted that the 
values of tensile strain at which visible cracking occurs were similar for various types of 
brickwork and blockwork, but those for reinforced concrete were somewhat lower. All 
values are much larger than the local tensile strains corresponding to failure. They 
stressed that the onset of visible cracking does not necessarily represent the 
Serviceability Limit State; provided the cracking is controlled, it may be acceptable to 
allow such deformations. 
3.4 Building deformation 
The various limiting damage criteria discussed in the previous section are 
essentially empirical in nature and provide no insight into the cause of the damage 
observed; a more fundamental criterion for damage assessment is necessary. As 
cracking in masonry walls and finishes is usually associated with the development of 
tensile strains, Burland and Wroth (1975) suggested that the onset of visible cracking in 
a given material was associated with a critical tensile strain. This concept is illustrated in 
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Figure 3.3 by considering the cracking of a simple beam. 
Unless the mode of deformation is known little can be said about the distribution 
of strains within the beam. There are two extreme modes of deformation associated 
with deflection criteria for defining the onset of visible cracking: bending only and shear 
only. In the former case initial cracking will occur as a result of direct tensile strain at the 
extreme fibre whereas in the latter case cracking will result from diagonal tensile strain. 
Under most circumstances these modes of deformation will occur simultaneously; both 
bending and diagonal tensile strains have to be determined in order to ascertain which is 
governing overall behaviour. Burland and Wroth (1975) used simple elastic beam theory 
to investigate this relationship further. A building was idealised as a uniform, weightless 
rectangular beam. 
From their studies it was suggested that the limiting deflection for initial cracking 
depends upon the inverse aspect ratio, (L/H), and the relative stiffness of the beam in 
shear and bending. It was demonstrated that for a given deflection the maximum tensile 
strain is not very sensitive to the form of loading. In practice the foundations of many 
buildings offer significant restraint to their deformation, particularly if the structures 
possess basements, and as such it is more realistic to take the neutral axis of any 
idealised beam at the lower extreme fibre. The equations for the limiting A/L due to 
bending and diagonal strain respectively, for the case of a beam subject to a central 
point load, are: 
A/L=(0.083L/H + 1.3H/L)Sb, (3.1) 
A/L=(0.064L^/H^ + 1)Gd,max (3.2) 
Equation 3.1 only applies to hogging modes of deformation as direct tensile 
strain would be zero for the equivalent sagging mode. 
In considering the effects of combined bending and shear, Burland and Wroth 
(1975) concluded that the minimum limiting value of (A/LScJ for diagonal strain is 1.0. 
As shown in Figure 3.4, the value of (A/LS(.J increases as the inverse aspect ratio, 
(L/H), increases. In contrast, they noted that the limiting value of (A/LScJ for direct 
strain in bending decreases as (L/H) increases from zero, reaching a minimum at (L/H) 
of 4 before increasing gradually thereafter. 
Burland and Wroth (1975) compared the limiting criteria thus determined with 
observations of the behaviour of a number of buildings. Given the simplicity of the 
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idealisation there is good agreement with the field observations (e.g.'s Fjeld, 1963; Horn 
& Lambe, 1964; Breth & Chambosse, 1975). This work confirmed that load-bearing 
walls, particularly when subject to a hogging mode of deformation, are more susceptible 
to damage than framed buildings, which are relatively flexible in shear. 
Burland et al. (1977) replaced the concept of cr/f/ca/tensile strain with that of 
limiting tensile strain, which is a serviceability parameter that allows account to be taken 
of differing materials and serviceability limit states. It is not a fundamental material 
property. They also noted that uncontrolled cracking can occur in unreinforced load-
bearing walls subject to a hogging mode of deformation; once a crack forms at the top of 
the wall there is nothing to prevent it propagating downwards. Cracking due to both 
hogging and sagging modes of deformation is illustrated in Figure 3.5. 
Burland et al. (1977) concluded that limiting relative deflection depends upon the 
brittleness of the building material, the inverse aspect ratio (L/H), the relative stiffness of 
the structure in bending and shear, and the mode of deformation. Crack propagation 
will depend upon the degree of tensile restraint built-in to the structure and its 
foundation. The evidence reaffirms that framed buildings with infill panel walls are able 
to sustain much larger relative deflections before incurring severe damage unlike 
unreinforced load-bearing walls. 
The work of Burland and Wroth (1975), and Burland et al. (1977) was concerned 
primarily with the effects of settlement resulting from self-weight loading, i.e. in the 
vertical plane. Excavation-induced ground subsidence involves the generation of both 
horizontal and vertical strains. Geddes (1978) demonstrated that the horizontal strains 
thus generated can have a significant influence on the behaviour of affected buildings. 
This concept was further developed with the inclusion of horizontal strain in the above 
framework by the superposition of the horizontal strains developed in the ground due to 
excavation with those generated by the building through vertical displacement 
(Boscardin & Cording, 1989). The resultant extreme fibre and diagonal tensile strains 
are given by; 
(3.3) 
^dr - + + ^dma/ (3-4) 
In discussion, Geddes (1991) noted that it was unlikely that the horizontal strain 
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developed in a building due to excavation-induced ground subsidence would be the 
same as that developed in the adjacent ground, and that, in general, Boscardin & 
Cording's approach would over-estimate the horizontal strain developed in a structure 
under these conditions. Field measurements presented by Standing (2001) for Elizabeth 
House in Central London have confirmed this observation; parametric FEA studies by 
Franzius (2004) have also verified this behaviour. 
Boscardin & Cording (1989) subsequently related the ranges of limiting iensWe 
strain to the damage categories given by Burland et al. (1977), correlating their 
proposals against a limited number of case records (see Figure 3.6 and Table 3.4). 
This development provided the link between estimated building deformations and the 
possible severity of damage. 
Burland (1995) refined this development further, noting that although Boscardin 
& Cording described the damage for values of limiting tensile strain in the range 0.15-
0.3% as 'moderate to severe'nor\e of their quoted case records exhibited such levels of 
damage for this strain range. The influence of horizontal strain on (A/L)/S|jn, is shown in 
Figure 3.7, for the cases of bending strain governing, diagonal strains controlling and 
both combined. Figure 3.7(a) indicates that as the horizontal tensile strain increases 
towards the limiting tensile strain, the limiting values of deflection ratio for given (L/H) 
ratios reduce linearly, becoming zero when the horizontal tensile strain equals that of the 
limiting iensWe strain. Figure 3.7(b) illustrates that as the horizontal tensile strain 
increases, the limiting values of deflection ratio decrease non-linearly, at an increasing 
rate, towards zero. These diagrams form the basis of the interaction diagram shown in 
Figure 3.8, which relates horizontal strain and deflection ratio to damage classification 
for an inverse aspect ratio of one. 
In the above extension of the work of Burland and Wroth (1975), and Burland et 
al. (1977), Boscardin & Cording adopted the parameter, angular distortion, to describe 
excavation-induced building deformations. They considered that for typical values of 
(H/L) and (E/G) encountered in the field, the angular distortion would vary from 2 to 2.3 
times the deflection ratio. As shown in Figure 3.9, Burland et al (2004) demonstrated 
that angular distortion is sensitive to both the distribution of load and shear modulus 
assumed. Thus, the ratio of angular distortion to deflection ratio can vary significantly. 
They suggested that angular distortion should only be used in cases where it has been 
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established that the building is to undergo pure vertical shear distortion. 
Boone (1996) proposed a method for estimating the cumulative crack width 
based on the assumption that the total strains multiplied by the respective longitudinal 
and diagonal lengths approximate to the anticipated longitudinal and diagonal crack 
widths. The corresponding interaction diagram relating the estimated cumulative crack 
widths to the anticipated level of damage is show in Figure 3.10. Largely on the basis of 
four new, detailed case histories and a re-evaluation of data presented in his original 
1996 paper, Boone (1999) modified his original proposals for estimated cumulative crack 
width and damage classification. In this re-appraisal, the 1996 damage thresholds for 
estimated cumulative crack width were multiplied by 1.5. 
Boone (1999) notes how, in terms of accurately predicting the level of damage, 
all the methods currently employed for potential damage assessment are reliant on the 
number, size and distribution of cracks, which actually form for their success. 'While the 
total strain may indicate the total width of all cracks along the strained length, substantial 
judgement is required to assess the distribution and number of cracks that might occur 
in a given structure' (Boone, 1996). 
Boone (1999) also presents the results of a comparative study of several of the 
methods currently employed in potential building damage assessment. He found that in 
a number of cases, the method proposed by Boscardin and Cording (1989), 
underestimated the actual level of damage observed. Where slight damage was 
predicted, moderate damage actually occurred. The cases relate to the response of 
buildings adjacent to a large braced excavation. 
An alternative stress-based approach was proposed by MacLeod & Abu-EI-Magd 
(1980) and Attewell et al. (1986). This approach does not seem to have gained much 
acceptance by practitioners. While a strain-based approach gives an indication of the 
onset of material failure, a stress-based approach is associated with the mode of 
structural failure. 
3.5 Influence of building stiffness 
It has been acknowledged for some time (e.g.'s Breth & Chambosse, 1975; 
Frischmann et al, 1994; Standing, 2001) that the nature of the greenfield surface 
settlement trough resulting from tunnel construction, can be modified by the presence of 
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pre-existing overlying buildings (see Figure 3.11). 
The influence of structural stiffness on the response of surface buildings to 
tunnelling-induced ground subsidence was investigated by Addenbrooke (1996). A 
number of two-dimensional FE analyses incorporating a non-linear elastic-plastic soil 
model, were undertaken for a given problem geometry, typical of the existing London 
Underground network, for both greenfield and various building-modified conditions. The 
building was modelled in a similar manner to that of Burland & Wroth (1975), i.e. as a 
weightless beam, with axial and bending stiffnesses representing the overall structure. 
The stiffness of the structure was related to that of the soil through relative stiffness 
expressions. 
axial a* = (3.5) 
tZgh 
bending (36) 
The above expressions are similar to those introduced by Fraser and Wardle 
(1976), Potts and Bond (1994), and Boscardin and Cording (1989). The deformation 
parameters horizontal strain and deflection ratio provided the framework for the 
parametric study. The results of the analyses were presented as modification factors 
representing the relationship between the building-modified and greenfield conditions; 
the modification factors for strain were small in comparison to the equivalent factors for 
deflection ratio. 
DR, 
sag/hog 
j^OR^ag/OR^og _ 'sag/hog yj 
(3.8) 
6 hc/M 
The work culminated in the preparation of design charts of modification factors 
for deflection ratio and maximum horizontal strain (Potts & Addenbrooke, 1997), which 
can be used during Stage 2 of the potential building damage assessment process. The 
design charts for modification factors that can be applied to the greenfield site deflection 
ratios for various e/B ratios are shown in Figure 3.12. In the hogging mode of 
deformation it is evident from this figure that the building changes from relatively very 
flexible to relatively very stiff over quite a small range of relative bending stiffnesses. 
This work has recently been extended by Franzius (2004), who investigated the effects 
of weight and the nature of the interface between the beam idealisation and the ground, 
as well as three-dimensional tunnelling aspects. The relative bending and axial stiffness 
expressions have been re-defined in this work such that they are now dimensionless. 
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The revised modification factors proposed by Franzius are little different to those 
originally proposed by Potts and Addenbrooke (1997). 
DR. 
] sag/hog / N Q \ 
e, (3.10) 
3.6 Numerical modelling 
In recent times this soil-structure interaction problem has been modelled 
employing sophisticated numerical techniques. The degree of detail incorporated into 
these analyses varies. Some workers model the three-dimensional behaviour of the 
building under consideration, including the influence of openings on this response, to 
tunnelling (for example Burd et al., 2000). Others adopt two-dimensional plane strain 
analysis techniques incorporating simple structural idealisations (for example Potts & 
Addenbrooke, 1997). Innovative approaches based on simple observations regarding 
tunnel alignment and street layout have also been presented (for example Miliziano et 
al., 2002). 
3.7 Piled Foundations 
The foregoing discussion has largely been restricted to shallow foundations. The 
nature of ground movement and corresponding soil-structure interaction effects are 
particularly complex in the case of bored tunnel construction beneath piled foundations. 
The problem has recently been modelled in the geotechnical centrifuge (for example 
Jacobsz, 2002). A triangular zone of influence was identified around the tunnel in which 
there is the potential for large tunnelling-induced movement. This zone has been further 
sub-divided into areas where the tunnelling-induced pile displacements are likely to be 
greater or equal to that at the surface. Verification of this work through a full-scale field 
monitoring programme is currently in progress for tunnelling within the London Clay 
Formation (Selemetas, 2004). 
3.8 Three-dimensional behaviour 
In general, out-of-plane distortion is often thought to be less critical than 
corresponding in-plane deformations but as a tunnel excavation face advances beneath 
a building footprint, bending and shearing deformations in two dimensions subsequently 
develop into twisting and warping distortions in three dimensions. Only a limited number 
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of publications fully address the three-dimensional response of buildings to tunnelling-
induced ground subsidence and the development of a twisting, torsional deformation 
profile (for example Standing & Selman, 2001; Cooper & Chapman, 2000; Cooper, 
2002; Franzius, 2004). In all but the last of these publications, field measurements are 
presented illustrating the response of existing tunnels to the ground movements caused 
by the construction of further tunnels in the vicinity. 
Standing & Selman (2001) introduced the term relative twist rotation to describe 
the twist measured in the tunnels of the Northern Line of the London Underground in 
response to the construction of the Jubilee Line Extension tunnels in the locality. The 
relative twist rotation is the differential settlement between a pair of settlement points 
installed on opposite sides of the tunnel cross-section, divided by the distance between 
them. This is the sine of the angle between the two monitoring points, which, for small 
values, is the angle itself. The units of arc minutes was adopted by Standing & Selman 
(2001). The new tunnel passed beneath the existing ones at approximately right angles. 
It was noted that the relative twist rotation was a transient feature of the tunnel 
response. A reversal in orientation was observed as tunnel construction progressed 
beyond the existing tunnels; the tunnels returning towards their original datums. 
In their case history of the response of the Piccadilly Line tunnels of the London 
Underground to the construction of the Heathrow Express underground tunnels. Cooper 
& Chapman (2000) expressed the rotation of the existing tunnels as the differential 
settlement of pairs of measurement points installed on opposite sides of the tunnel 
cross-section. Several pairs of points were installed within a length of the existing tunnel 
in an attempt to capture the longitudinal distribution of this rotation. In this case the 
Piccadilly Line tunnels were not orientated perpendicular to the Heathrow Express 
tunnels but aligned at a skew angle of approximately 70° and although there was some 
reduction in the observed rotation as the tunnel construction progressed beyond the 
tunnels of the Piccadilly Line, a not insignificant residual rotation remained. 
In both the above cases differential settlement in the longitudinal direction was 
not considered, thus rotation caused by the overall settlement of the tunnel and 
associated distortion of the tunnel cross-section are included in these definitions. Such 
an approach is appropriate where the longitudinal dimension under consideration is 
much greater than the corresponding transverse one as is the case with a tunnel. The 
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situation is somewhat different for buildings. 
Franzius (2004) defined twist on the basis of that given by Timoshenko (1955), 
and which is commonly used in structural engineering; it is based on the torsion of a rod 
of constant circular cross-section (Figure 3.13). The definition can be extended to more 
general geometries (Timoshenko & Woinowsky-Kreiger, 1959). In this thesis the 
definition presented by Franzius (2004) will be used. A linearly varying displacement 
profile will be assumed along the edges of the idealised rectangular building footprint, 
and along any lines parallel to these edges (Figure 3.14). The corresponding twist is 
calculated from the differential settlement of the corner points thus 
/sz-s," ) /S/-S/ ) 
= ^ ^ (3.11) 
Unlike the other building deformation parameters presented in this chapter, twist 
as defined above is not dimensionless; this results from the definition being a two-
dimensional representation of a three-dimensional phenomenon. Franzius (2004) 
presented field measurements which illustrate that when tunnels are constructed at 
oblique angles beneath surface structures a permanent twisted three-dimensional 
deformation profile develops; this observation is consistent with that of Cooper & 
Chapman (2000) for sub-surface structures discussed above. In addition, Franzius 
(2004) verified the observations of Standing & Selman (2001) relating to the transient 
nature of twist if the structure under consideration is aligned at right angles to the tunnel 
under construction, through a FEA parametric study. The parametric study also 
Investigated the influence of building geometry and stiffness on twist; their influence on 
twist was found to be similar to that on other deformation criteria. Although Franzius 
(2004) defined twist modification factors in a similar manner to those given by Potts & 
Addenbrooke (1997) in the relative stiffness method, limitations on the analysis 
database precluded the preparation of design charts for this deformation parameter; it 
was concluded that further research was required, and in particular, a thorough 
investigation of the relationship between twist and strain development leading to crack 
propagation within a structure. 
3.9 Damage classification 
The development of a simple, objective system for classifying damage to 
buildings is a prerequisite for the successful assessment of the risk of damage to 
structures due to ground movements. It can also provide criteria upon which the design 
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for movement in buildings can be based. Burland et al (1977) concluded that there were 
essentially three criteria which had to be satisfied when considering limiting movements, 
namely 
a) aesthetics (or visual appearance); 
b) serviceability limit state (or function); 
c) ultimate limit state (or stability). 
The magnitude of the foundation movements and the severity of the 
corresponding damage increase in ascending order, for these criteria. Based on the 
work of Jennings & Kerrich (1962), the U.K. National Coal Board (1975) and MacLeod & 
Littlejohn (1974), Burland et al. subsequently developed a detailed damage classification 
system, which is summarised in Table 3.5. In this system, emphasis is placed on the 
ease of repair of the damage that is visible at the time of inspection. Although typical 
crack widths are included for each category, it is stressed that this is only one aspect of 
damage and that it should not be used solely as a direct measure of it. The importance 
of the location of the crack in relation to the building is also noted. The classification 
system comprises six categories of damage, numbered from 0 to 5 in increasing order of 
severity. 
Table 3.5 also includes detailed descriptions of what is considered the 'normal 
degree of severity' associated with each category of damage. These descriptions of the 
normal degree of severity relate to standard domestic and office buildings (i.e. low rise 
structures). Under normal circumstances, categories 0, 1 and 2 relate to aesthetic 
damage, categories 3 and 4 relate to the serviceability limit state whilst category 5 
represents the ultimate limit state. Where sensitive finishes are concerned this ranking 
may not be appropriate. In addition, it should be noted that most buildings experience a 
certain amount of cracking, often unrelated to foundation movement, which can be dealt 
with during routine maintenance. The classification system was essentially developed 
for brickwork and masonry clad structures and was not intended for use with reinforced 
concrete elements, although its use has been extended to include them. It does not 
take into account the cause or possible progression of the damage. In cases where 
liquid or gas retention is important, for example in water-retaining structures, much more 
stringent criteria would be incorporated in the classification of visible damage. 
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This classification system has subsequently been adopted for use in the U.K. 
(e.g. I.Struct.E 1978, 1989, 1994 and 2000; the BRE, 1981,1990, 1995; Freeman et al, 
1994). In 1995, the BRE tentatively proposed a similar classification system for 
settlement damage incurred in ground floor slabs (BRE, 1995). 
Of particular importance in the potential damage assessment process is the 
division between categories 2 and 3 of the above system; it represents an important 
threshold. Damage up to category 2 can result from a variety of causes, either from 
within the structure or associated with the ground; identification of the cause is usually 
very difficult and may result from a combination of effects. BRE (1979a, b and c) and 
Alexander & Lawson (1981) noted that the strain at which cracking is visible in wall 
panels is of the same order of magnitude as the permissible shrinkage strain. The 
cause of damage that exceeds category 2 is usually much easier to identify and is 
frequently associated with ground movement. 
3.10 Assessment of risk 
Ground displacement is an inevitable consequence of underground construction; 
the deformations and resultant damage that may occur from such sub-surface works 
must be assessed. In order to assess the potential for tunnelling-induced damage to 
buildings it is necessary to;-
a) predict the zone of influence 
b) estimate the magnitude of soil displacements within this zone 
c) determine how these influence (and may be modified by the presence of) 
surface structures 
3.10.1 Potential damage assessment 
The three-stage procedure for potential damage assessment summarised by 
Mair et al. (1996), is still generally accepted in the U.K. today; an increased level of 
rigour being employed at each stage of the process. This assessment methodology is 
based only on immediate volume loss ground movements associated with excavation; 
superposition of volume loss settlements is also assumed to be valid. Recent 
experience on the JLEP (Harris, 2001c) has shown that long-term movements can be 
substantial, in some cases exceeding the volume loss movements in magnitude. 
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Stage 1 (Preliminary) of the currently adopted methodology for potential damage 
assessment comprises the production of contours to identify, in the first instance, the 
extent of buildings within the zone of ground movements attributable to volume loss. 
This zone of influence is usually defined as the 1 mm settlement contour. The 
calculations are simple and straightforward adopting the conventional empirical 
greenfield formulations for settlement estimation, and provide a useful method of 
identifying buildings which will be affected by the relatively rapid movements during 
construction. Buildings outwith the 1 mm settlement contour are not considered. Next, 
generalised criteria of, for example a minimum settlement of 10 mm or a slope of 1:500 
(Rankin, 1988) are applied, to eliminate buildings from further consideration. The criteria 
should be applied with thought rather than on a purely mechanical basis. Exceptions are 
usually made for Listed buildings. The existing condition, presence of sensitive features 
and potential lines of weakness as well as long-term settlement effects can all combine 
to produce significant damage in buildings, which would otherwise be eliminated from 
further consideration at Stage 1. 
Day (1990) has proposed an alternative methodology for the first stage of the 
assessment process based on the relationship between differential settlement and 
angular distortion. 
Stage 2 (Intermediate) of the assessment procedure usually involves the 
consideration of a two-dimensional section through the building concerned, the main 
structural elements and likely modes of deformation, and the determination of the 
'green/ye/c/'building strains likely to result from the underground works. A simple beam 
analogy approach (after Burland & Wroth, 1975) in conjunction with more recent design 
charts (Potts & Addenbrooke, 1997) may be employed at this stage. An integral part of 
this stage of the assessment process is building damage categorisation (Rankin, 1988; 
Boscardin & Cording, 1989; Burland, 1995; Boone, 1996, 1999). If damage 
classification indicates that there is the potential for the building to sustain only category 
2 (Slight) damage, or below, no further action is necessary and the assessment process 
for the particular building terminated. Otherwise, a Stage 3 assessment, possibly 
involving sophisticated finite element analysis techniques, is required. The category 2/3 
damage classification threshold is key to the assessment process. With regard to 
elimination from further consideration following this stage of the assessment process 
exceptions may be made for Listed buildings similar to Stage 1. 
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In Stage 3 (Detailed) of the assessment process, detailed consideration is given 
to the structural nature, current condition and fabric of the building, potential lines of 
weakness and sensitive features as well as potential soil-structure interaction effects. In 
addition, consideration is given to the proposed methods and sequence of construction, 
the building foundations and any previous movement that the structure has undergone. 
Given the uncertainties inherent with such a complex soil-structure interaction problem 
considerable engineering judgement has to be exercised. Sophisticated numerical 
analysis techniques may also be necessary (for example New & O'Reilly, 1991; Burd et 
al, 2000). The division between damage categories 2 and 3 remains the critical 
threshold but in this case it is not for determining whether or not to progress to the next 
stage in the assessment process, rather it is for resolving the need for, and nature of, 
any protective measures. This procedure remains an acceptable approximation to 
identify those buildings in need of a detailed. Stage 3 assessment as, in most situations, 
the distortions calculated will be conservative. 
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Protective measures 
Today, there is a far greater awareness of the potential effects of underground 
construction on existing infrastructure. As a result greater attention is now paid to the 
settlement that takes place during and following tunnelling. In some cases the possibility 
of damage and disruption resulting from sub-surface construction can be so little 
tolerated that it becomes a major obstacle to the successful promotion of a tunnelling 
project, especially in inner city areas. This chapter describes the more common 
methods currently in use to mitigate for the effects resulting from the movements that 
inevitably occur, even during well-controlled underground construction. The 
categorisation is not distinct; the various options can be considered to act in different or 
composite manners. It is not uncommon for two or more of the methods to be used in 
combination. 
4.1 introduction 
There are various methods available for protecting surface and sub-surface 
structures from the effects of ground movements generated by excavation; protective 
measures can be either active or passive in their implementation. For the purposes of 
this thesis passive measures are defined as protective measures which, on application, 
are considered complete; there is no intent to subsequently modify them during 
construction. In contrast, active measures rely on observed performance to control their 
implementation; successive modification is an integral part of the method, with feedback 
from observation being essential to the continuing implementation of the protective 
measure. Frequently, two or more methods are used in combination. Both active and 
passive systems can form part of an overall observational approach (Nicholson et al, 
1999). Prediction, monitoring and control of the overall process are key aspects in the 
successful application of protective measures. 
4.2 The tunnel design process 
The most fundamental form of protective measure available is to ensure through 
judicious alignment design that the structure under consideration is located outwith the 
zone of influence of the underground structure; detailed consideration of ground 
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movements during the design process can influence tunnel alignment design, 
particularly the locations and layouts of stations. In inner city areas there is unlikely to be 
significant scope for the use of such measures. Altering the alignment to reduce the 
magnitude of settlements and distortions on one structure will almost certainly Increase 
them on others in the vicinity. Such actions are only generally feasible in the case of 
particularly sensitive or important structures. Another option would be to relocate the 
structure such that it is unaffected by the construction activities. This approach is 
commonly adopted with services, for example sewer diversions. Although a less 
common occurrence for buildings, some have been moved. 
Another measure emanating from the tunnel design process to reduce the impact 
of ground movements on overlying structures is to specify in detail the tunnel 
construction sequence. This may be particularly appropriate at station locations, where 
there are numerous tunnels, and the most critical movements for an overlying structure 
may well be during an intermediate stage of construction. 
4.3 In-tunnel measures 
These protective measures comprise all actions implemented from within the 
tunnel during its construction to reduce the magnitude of ground movements generated 
at source. Most of these measures aim to increase the degree of support provided to 
the ground as early as possible within the excavation cycle. Only those measures 
associated with open-face working, where the ground is capable of supporting itself 
during excavation, are considered in this thesis. The use of closed-face TBMs or the 
use of compressed air is not discussed further herein. 
Harris et al. (1994) concluded that under normal open-face tunnelling conditions 
in London Clay, by far the most movement occurs immediately on excavation and thus 
the key factor is the size of excavation required before a stiff support system can be 
installed. The time between excavation and installation of such a support system and 
thus the rate of advance is of secondary consideration. On reporting their interpretation 
of the monitoring data collected during the excavation of the trial tunnel for the Heathrow 
Express underground railway, Deane & Bassett (1995) suggested that the unsupported 
time was more important than the type of construction method adopted; excavation was 
through London Clay. In the former case, excavation was undertaken employing 
traditional hand-mining techniques, incorporating a pilot tunnel, while in the latter case 
the SCL method, incorporating various excavation sequences, was used. 
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The ability of the ground to support itself during excavation is a protective 
measure in itself, reducing the excavation cycle time. In addition, the following 
measures can be implemented from within the tunnel: 
a) excavation sequence and configuration; 
b) excavation face support measures; 
c) the use of pilot tunnels; 
d) mechanical pre-cutting; 
e) barrel vaulting 
To a certain extent items a) and b) are prerequisites in the adoption of good 
working practices during tunnel construction. The advance length, the distance ahead of 
the last complete tunnel 'ring', is generally much shorter for both traditional hand-mined 
tunnels and those constructed adopting the SCL technique than for the equivalent open-
face shield-driven tunnel. In the former cases, this tends to reduce the magnitude of the 
associated ground movements. The use of a TBM can potentially have a significant 
influence on the ground movements generated; features such as the bead details, face 
support provision and excavation method/sequence employed can all affect the 
magnitude of the corresponding movements. 
It is good practice to incorporate some degree of face support in all tunnelling 
applications. In this thesis face support measures are taken to comprise additional 
measures adopted specifically to reduce ground movements. As shown in Figure 4.1, 
such excavation face support measures include the installation of spiles, inclusions 
installed in the excavation face to reinforce the ground ahead of the tunnel, and the 
sequential excavation of sections of the tunnel face, a positive pressure being applied to 
each completed section prior to excavation of the next. Regular probing ahead of the 
excavation face to avoid any unexpected changes in ground and groundwater 
conditions, can be incorporated into such face support provision. 
Large-diameter tunnels are often excavated in stages. This can be achieved by 
employing a pilot tunnel with subsequent enlargement (Mair, 1993), the use of crown, 
bench and invert headings or multiple drifts when using the SCL technique (New & 
Bowers, 1994; Deane & Bassett, 1995; ICE, 1996). These approaches are detailed in 
Sub-sections 2.2.2 and 2.2.4 of Chapter 2. The adoption of these practices is normally 
associated with the reduction of the size of the open-excavation for safety reasons. 
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There is limited evidence to show that significant reductions in volume loss can be 
achieved through the use of these methods (See Sub-section 2.2.4). 
As shown in Figure 4.2, barrel vaulting and mechanical pre-cutting are examples 
of systems developed to enable the installation of a substantial part of the final support 
system with the minimum possible amount of excavation. 
4.4 Ground treatment 
For the purposes of this thesis ground treatment includes with the exception of 
those techniques defined as ground improvement (see Sub-section 4.5 below), all 
methods of reducing or modifying the ground movements induced by underground 
construction through improving or altering the engineering response of the ground. 
4.4.1 Permeation grouting 
As shown in Figure 4.3, permeation grouting is the technique whereby the pore 
fluid of the ground is replaced with a low-viscosity fluid grout, known volumes of which 
are injected at specific points along the lengths of pre-installed tubes-a-manchette, at a 
steady, relatively low pressure, typically less than 15 bar, in order not to disturb the insitu 
soil structure; however, even under the most ideal conditions, it is seldom possible in 
practice not to disturb the ground to some extent. Ground disturbance may occur during 
the installation of the facility, its subsequent operation or both. Typically, the volume of 
grout injected is between 25 and 30 % of the total volume of ground being treated. The 
relatively shallow nature of permeation grouting operations and the hogging distortion 
produced by heave, mean that the potentially damaging effect of these ground treatment 
operations is high relative to corresponding tunnelling-induced movements. In 
specifying permeation grouting consideration should be given to the implications for 
ground movement. An observational approach (Peck, 1969b) is generally adopted, the 
grouting process being adapted to the site conditions actually encountered. As grout 
penetration depends upon the permeability of the ground to be treated, the technique is 
generally restricted to clean sands and gravels and the like, which can be penetrated by 
low viscosity grouts (Rawlings et al., 2000). 
The technique is primarily used to reduce permeability, control groundwater flow 
and provide 'coAjes/Ve'strength and increased stiffness to granular materials. It is also 
employed to improve the 'homogeneity'of the ground, enabling increased loads to be 
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carried by the improved formation. In addition, permeation grouting can also be used 
where the clay cover to tunnelling is low; the purpose of the permeation grouting in such 
situations is to provide additional protection against tunnel inundation and potential 
collapse through the establishment of hydraulic connectivity between soil media of quite 
different permeability. This is achieved by substantially reducing the permeability of the 
gravels through the injection of silicate grout, and thus increasing the flow path for any 
source of water. The two major concerns are that the elevation of the clay-gravel 
interface may vary significantly and that fissuring within the clay could allow the 
development of block failure in the tunnel crown. The improvement in strength depends 
upon the uniformity of the grout treatment as well as a thorough understanding of the 
characteristic properties of the insitu soil. The grout mix should be designed to 
penetrate adequately the finest groutable voids or cracks. Parameters to be considered 
in grout mix design include grout viscosity, particle size and strength as well as the 
chemical composition of the groundwater. 
Where there is a sufficient thickness of sand or gravel underlying a foundation, 
permeation grouting can also be used to provide a 'stiffened raft' of soil below an 
affected structure. The aim of such treatment is to reduce differential settlements by 
modifying the distribution of ground movements. It can also be used in combination with 
compensation grouting to give a more uniform response to subsequent grout injections. 
4.4.1.1 TAMs 
Tubes-a-manchette (TAMs) are used to inject grout into the ground: they provide 
a stable and reusable grout injection facility. As shown in Figure 4.4, a 
tube-a-manchette usually consists of a borehole containing a pipe sleeved in cement-
bentonite grout. The grout pipe is perforated with rings of small holes, typically 4 holes 
per ring, along its length. Each ring of perforations, defined in this thesis as a port, is 
enclosed within a short rubber sleeve (the manchette), which fits tightly around the pipe 
and acts as a one-way valve during grouting. 
As shown in Figure 4.5, to inject grout through a port, a double packer 
arrangement is usually employed. The double packer has a perforated mid-section, that 
is aligned with the length of pipe containing the port through which grout is to be 
injected. When a TAM is operational, packers are positioned on either side of the port 
(through which the grout is to be injected) and inflated (with air or water) to form a seal. 
Grout is injected through the injection nozzle into the isolated section between the 
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packers, and the injection pressure increased until grout break-out occurs, i.e. the 
rubber sleeve is lifted off the port and the grout breaks through the TAM sleeve grout 
and flows into the surrounding ground, unless some limiting pressure is reached before 
this point and grouting operations halted. 
After the initial injection of grout during break-out, the injection pressure will 
usually, but not always, drop (see Figure 4.6). Injection continues until the appropriate 
termination criterion is achieved. During the injection process, the volume and pressure 
are monitored and controlled. On completion, the TAM sleeve relaxes back onto the 
grout port, the packers are then deflated before being removed and the TAM flushed 
clean. The grout tubes have to sustain potentially high pressures during injection, up to 
the capacity of the grout pump. They are usually inserted into the TAM drillhole in 
sections and joined together by external couplers. The TAM drillhole diameter has to be 
sufficient to allow the annulus to be effectively grouted. 
On installation of TAMs during the JLEP it was common for heave to be 
observed. A possible explanation for this phenomenon, other than survey error, is the 
flushing of the drillholes with water during the installation process inducing subsequent 
swelling of the adjacent overconsolidated London Clay. The TAMs themselves may act 
as a form of tensile reinforcement of the ground, reducing the possibility of large-scale 
block failures from the crown of the tunnel excavation. 
The two main forms of ground treatment employed on the JLEP were permeation 
and compensation grouting. One source of uncertainty common to both treatments 
concerns the method of grout injection and more specifically the installation of the TAMs. 
The vertical alignment of a number of the sub-horizontal TAMs was measured on 
Contract 102. In the holes examined, the sag (i.e. the downward deviation from the 
intended level) recorded was typically of the order of 300 mm over a 30 m length of 
TAM. For TAMs over 30 m in length, it was noted that the sag appeared to increase 
rapidly with values of up to 3 m being recorded for a TAM 70 m in length (Harris, 2001a). 
Further uncertainty concerns the records of grout injection. Depending upon the 
location of the dial gauges monitoring the injection of grout into the ground, the flows, 
pressures and volumes recorded may be different. In most cases the gauges are 
located at the ground surface with the grout batching facility; inevitably there will be line 
losses between the surface and the point of injection below, and thus the actual grout 
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injection pressure will be less than that recorded. The situation regarding the volume of 
grout retained/trapped In the valves of the TAMs, which is flushed out of the system at 
the end of each grouting episode, is unclear. A further uncertainty concerns the correct 
placement of the packers within the TAMs to isolate the appropriate grout port, ready for 
subsequent injection. 
Additionally, the true areal distribution of the grout is unknown. In this thesis, it 
has been assumed for the purposes of evaluating grout intensities, that the grout 
injected essentially forms bulbs, which propagate out from injection ports to form a lens 
of grout. Exhumation of numerous TAMs during station construction at London Bridge 
indicates that the grout injections form a continuous lens at the grouting horizon (Plate 
4.1). 
4.4.2 Compensation grouting 
As shown in Figure 4.7, compensation grouting comprises the injection of 
cementitious material at an elevation between the source of the ground movements and 
the affected structure as underground construction progresses to compensate for the 
ground loss and stress relief caused by excavation (Mair and Might, Mair et al., both 
1994). In general terms it is defined as 'the responsive use of compaction or 
hydrofracture grouting as an intervention between an existing structure and an 
engineering operation (particularly tunnel excavation) in order to counteract any 
movement of the ground that would otherwise affect the existing structure' (CIRIA, 
1997). The volumes and timings of grout injections are based on the interpretation of 
detailed observation of performance, and the aim is to control the development of 
settlement and associated distortion of the structure. It is essentially an observational 
technique; the volumes of grout to be injected can be rapidly changed or omitted 
altogether. 
The purpose of compensation grouting is to generate displacements of the 
ground at the grouting horizon equal and opposite to, and concurrently with, those 
generated by tunnel excavation below. The techniques employed to achieve this need 
to minimise the extent to which the grout can penetrate or permeate the soil structure; 
filling voids within the ground will not generate displacements. In an essentially 
fine-grained cohesive soil such as London Clay, this penetration does not occur. 
Compensation grouting can be achieved by compaction, intrusion and fracture grouting. 
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It essentially involves the injection of grout into the ground at high pressure producing 
movement of the ground regardless of its place in the construction cycle. A reaction 
force is necessary to generate this upward movement and there is potential for loadings 
to be generated in the temporary/permanent works situated within the vicinity of an area 
subject to grout injection. The governing factors include: 
a) the total vertical stress at the grouting horizon, which influences the grout 
pressure in the ground; 
b) the location of the grout injections relative to the underground excavation, 
particularly the vertical distance between the grouting horizon and the 
excavation, which influences load spreading; 
c) the properties of the grout, particularly the shape and extent of the grout 
bulb/fracture formed; 
d) the quantities of grout injected and the sequencing of injections. 
The grouting techniques used to generate displacements essentially differ in the 
shape of the grout inclusion formed within the ground. As shown in Figure 4.8, the 
hydrofracture grouting technique, which was adopted on the JLEP, comprises the 
deliberate fracturing of the ground by the injection of grout under pressure. The fluid 
pressure causes tensile failure within the ground as a new fracture is initiated or an 
existing discontinuity extended/re-opened. Grout subsequently fills the discontinuity and 
the fracture propagates in the direction of minimum resistance, i.e. the direction of the 
major principal stress, forming a 'sheet'grout typically one to two millimetres thick. 
The concept is illustrated in Figure 4.9 in terms of Mohrs circles of stress. Other 
factors, such as bedding or the presence and orientation of fissures, can affect the 
direction of propagation of the fracture. Other methods to give intermediate grout 
inclusion shapes between a bulb and a fracture are possible (Harris, 2001a). 
In overconsolidated soils the initial fracture is generally horizontal in nature. 
Subsequent grout injections either tend to produce fractures in the same direction as the 
original one or to thicken and extend the existing fractures by intrusion or splitting. The 
grout volumes to be injected are calculated on the basis of assumed values of volume 
(ground) loss, grout/ground response efficiency factor and settlement trough width at 
ground level. They are normally distributed in the same proportion as the corresponding 
settlement profile that would develop if grouting was not to be undertaken. The number 
of injections to be made depends largely on the maximum volume considered 
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appropriate for an individual injection. A balance has to be achieved between the 
opposing considerations of proximity of the grout injection to the source of the 
movement and the need to avoid generating unacceptable deformations/stresses within 
temporary/permanent works supports. 
There are essentially three phases to the compensation grouting process, 
namely 
(a) pre-treatment (or conditioning) grouting, 
(b) concurrent compensation grouting, and 
(c) post-tunnelling (or corrective) grouting 
The pre-treatment phase comprises the injection of nominal amounts of grout 
through all the ports, which are subsequently to be used during grouting operations 
proper, not only to demonstrate that the system is functioning correctly but, more 
importantly, to check that the associated monitoring and control systems are operational, 
i.e. verifying that the system is able to identify movements and capable of responding to 
them. It also restores the formerly higher lateral stresses around the TAMs, to 
compress loose layers and fill voids, thus encouraging horizontal grout 'wedging'dunng 
subsequent grouting episodes, producing vertical displacements. Generally, a uniform 
intensity of grout is injected in a number of passes, using alternate ports and/or TAMs; 
passes are successively implemented until heave is observed. 
Concurrent compensation grouting aims to mitigate for the effects of any 
settlements, which take place during tunnel excavation, as soon as possible after they 
occur. True compensation grouting is when grout injections are made 
contemporaneously with excavation such that the movements are mitigated as they are 
created; it is preferable to intercept movements as they develop rather than to reduce 
them subsequently. In practice this is difficult to achieve; it is not practical to link the two 
construction processes, excavation and grouting, so that they are truly concurrent and 
thus alternate cycles of settlement followed by heave is inevitable. The magnitude of 
these cycles can be kept to a minimum by ensuring that the grout volume associated 
with a specific excavation sequence is injected before any further advance of the tunnel. 
A pre-determined sequence of injections is initially adopted in this grouting phase 
although this, as well as the actual volume of grout to be injected, may be modified as a 
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result of the performance observed In the field. Such grouting operations are 
undertaken in relation to the progress of the tunnelling works. The management and 
coordination of the compensation grouting operations, underground excavations and 
associated monitoring, and their integration is fundamental to the successful application 
of this protective measure. Grout is injected both ahead of and behind, and advances 
with the tunnel excavation face, beyond an 'exclusion zone', in a number of distinct 
episodes. The purpose of the exclusion zone is to avoid exerting excessive pressure on 
the unlined length of tunnel behind the excavation face and the soil immediately ahead 
of the tunnel, and jeopardising the stability of this face (see Sub-section 4.4.2.2 below). 
In practice, it is virtually impossible to inject sufficient grout during the excavation 
phase of the tunnelling cycle. Compensation grouting thus becomes a series of minor 
jacking operations with the aim of minimising the amplitude of these settlement/jacking 
cycles. Allowing a structure to settle during tunnel construction and subsequently 
jacking it back to its original position through corrective grouting is not consistent with 
the original principle of compensation grouting. 
Post-tunnelling (or corrective) grouting, is the process used to correct or reverse 
settlements that have already occurred, and thus is not compensation grouting in the 
true sense of the definition; the timing of grout injection is not related to the generation 
of settlement. It may also be used to mitigate for ongoing long term settlement or pre-lift 
a structure in anticipation of settlement from future underground excavation. The same 
techniques, for example hydrofracture, compaction or intrusion grouting, may be used in 
grout jacking. The particular grouting technique adopted will be largely dependent upon 
the anticipated nature of the ground conditions. The volume and distribution of grout is 
normally based on the magnitude and distribution of heave required, taking into account 
the elevation of the grouting horizon and the potential effects on the overlying structures 
as well as the desire to produce a distribution of grout approximately consistent with a 
Gaussian distribution. Several passes are usually necessary to inject the grout and 
achieve the desired movement. Such a strategy also provides scope for revisions to be 
made to the grouting configuration based on the observed performance. 
Compensation grouting is an inherently flexible protective measure with the 
ability to control movements to close tolerances in a range of circumstances. A range of 
strategies and methods of implementation are available. At one extreme compensation 
grouting can be used to control an identified mechanism of movement within a structure; 
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at the other, it can be carried out extensively in an attempt to maintain the maximum 
settlement below a pre-determined limit. Alternatively, compensation grouting can be 
used to minimise the development of distortions. 
A grouting episode is defined in this thesis as a period during which a specified 
volume of grout is injected into the ground in response to particular construction 
activities; it may comprise one or more passes, grout injection being essentially 
continuous within the affected zone. An individual TAM or grout port may be subject to 
successive injections during an episode and individual grout injections may vary in 
volume. 
4.4.2.1 Grout mix 
The properties of the grout and the ground into which it is to be injected 
determine the shape of the grout inclusion that can be subsequently formed. As shown 
in Figure 4.8, at one extreme a bulb can be formed through the use of a mortar, while at 
the other the use of a fluid grout results in a fracture/sheet being formed. The grout 
properties also govern the method by which it can be injected into the ground. A mortar 
grout is generally too viscous to be injected through conventional tubes-a-manchette, 
necessitating the use of larger diameter grout tubes. Fluid grouts, on the other hand, 
can be repeatedly injected through tube-a-manchette ports. 
Desirable characteristics of grout mixes for use in compensation grouting ground 
treatment operations include: 
a) high viscosity, to prevent excessive spread from the injection point; 
b) low bleed, to minimise grout volume loss prior to setting; 
c) quick setting, to maximise efficiency and facilitate multiple injections; 
d) low strength, to enable numerous injections through an individual grout 
port. 
4.4.2.2 Exclusion zone 
In order to ensure the stability of the excavation face and any unsupported 
lengths of tunnel during compensation grouting operations, when grout is being injected 
into the ground at relatively high pressure (of the order of 40 bar) close to the tunnel 
crown, an exclusion zone can be incorporated into the construction cycle. As shown in 
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Figure 4.10, the injection of grout is not permitted within this zone, which usually 
encompasses both sides of and advances with the tunnel excavation face. The effect of 
distancing the compensation grouting operations from the underground works and any 
unsupported excavation faces, is to partly negate the benefit of the process as a 
protective measure. 
4.4.2.3 Grout/ground response efficiency factor 
In the ideal case, assuming that the grout was to influence only that column of 
soil directly above a grout injection, an injection of, for example, 7 litres/m^ would result 
in a heave of the column of soil of 7 mm. The assumptions that the column of soil is 
incompressible and the grout not subject to the effects of shrinkage are also implicit in 
this example. For such a case the efficiency of the grout injection would be 100%. 
However, in reality the grout injection will affect more soil than that in the column directly 
above, the ground is not incompressible and the grout will shrink slightly. The 
grout/ground response efficiency factor is a measure of this. It is an index of the 
effectiveness of compensation grouting that relates the volume of injected grout to the 
corresponding vertical displacement of the ground surface (Harris, 2001a); various 
methods are used to estimate the injected volume of grout per unit surface area. 
4.4.2.4 The design of compensation grouting facilities 
The design of a compensation grouting facility comprises the determination of 
four elements, namely 
a) the area to be covered by the TAMs; 
b) the TAM installation method; 
c) the TAM elevations; 
d) the TAM spacing. 
The area over which TAMs are required is dependent on the overall anticipated 
settlements and horizontal displacements rather than just those estimated from potential 
damage assessment, as well as the objective for the compensation grouting, particularly 
with respect to adjacent structures immediately outside the TAM coverage area. For 
example, if it is considered necessary only to mitigate the tunnelling-induced ground 
movements, i.e. those movements arising from immediate volume loss considerations, it 
may be sufficient to install arrays only within the settlement trough over the tunnel. 
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TAMs can be installed on either sub-vertical or sub-horizontal orientations. The 
two primary constraints on TAM installation elevation are the elevations of the tunnel(s) 
that are to be constructed and the depths of the overlying buildings that are to be 
protected. An additional constraint in Central London is the presence of water-bearing 
Terrace Gravels over the London Clay; it Is preferable to install TAMs within the London 
Clay formation. Ideally, at least one tunnel diameter of cover should be allowed between 
the crown of the tunnel(s) to be constructed and the grouting horizon to mitigate any 
potential adverse effects of the compensation grouting operations on the tunnel(s). 
The installation of TAMs from shafts is inherently inefficient, resulting in a very 
high density of ports close to the shaft. As a result the number of TAMs required to 
cover a given area is determined on the basis of the maximum permissible spacing at 
the end of the arrays furthest away from the shaft. The primary criteria used to 
determine an acceptable TAM spacing are the relative elevations of the grouting horizon, 
the tunnel(s) that are to be constructed and the foundations of the overlying buildings to 
be protected. The more closely spaced the grout ports, the smaller the volumes of grout 
that have to be Injected through each port, and the less likely it Is that undesirable 
localised effects will occur. 
4.5 Ground improvement 
In this thesis ground improvement is defined as the introduction of structural 
elements into the ground that are neither part of the tunnel under construction nor 
attached to the overlying structure to be protected. The intention is to reduce 
movements in one of two ways: 
a) by inducing a stiffer ground response globally and thereby generally 
reducing the magnitude of movement; 
b) by providing a restraint (or barrier) between the source of the movement 
and the structure to be protected. 
An example of the first category would be a pipe arch umbrella, which is shown 
in Figure 4.11 and comprises a number of pipes installed above but separated from the 
tunnel by ground that will not be excavated. As shown in Figure 4.12, a cut-off or 
curtain wall, consisting of, for example, a series of discrete piles installed between the 
tunnel and structure to be protected, is an example of the second category. 
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As stated previously in Chapter 2, the ground, and to a greater degree, the 
groundwater conditions at a particular site dictate the tunnelling techniques that can be 
used. The effective control of the groundwater is thus a prerequisite for effective 
excavation, especially in granular materials. Control can be achieved by a variety of 
means, including groundwater lowering. 
4.6 Structural strengthening 
A range of techniques can be applied to the structure to be protected; reducing 
the impact of ground movements by increasing the structure's capacity to resist, modify 
or accommodate them. Their function can be to: 
a) increase the ability of the foundations to resist the predicted movements; 
b) stiffen the structure such that it modifies the predicted movements; 
c) make the structure less sensitive to movement and more able to 
accommodate the anticipated movements; 
d) control the movement of the structure by isolating it from its foundations; 
e) progressively mitigate the effects of movements through the instigation of 
a planned maintenance regime. 
Examples of all of the above techniques are given in Harris (2001 d). 
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Chapter 5 -
The Jubilee Line Extension 
Project 
This chapter gives an overview of the JLEP as well as a brief description of the 
salient aspects of the geology, geomorphology and hydrogeology along the route and 
that at London Bridge in particular. The sources of information specific to the JLEP (and 
thus unpublished), which form the basis of much of the information consulted in 
compiling this chapter, are summarised in Appendix A. Published references are given 
as appropriate in the text. 
5.1 Introduction 
As shown in Figure 5.1, the £3.5 billion Jubilee Line Extension Project, was the 
extension of London Underground's Jubilee Line (originally known as the Fleet Line) 
from its station at Green Park in West London to Stratford, East London. Recently 
completed, the 15.5 km long Jubilee Line Extension provides parts of South and East 
London with an efficient local transportation facility as well as connections to regional 
and national transportation networks. 
The JLEP included the construction of some 11.5 km of relatively shallow, 
typically at depths of between 20 and 30 m below existing ground level, 5.4 m o.d. twin 
tunnel. These tunnels were constructed within both the London Clay Formation and the 
Lambeth Group deposits. Of the eleven stations along the route, four were constructed 
in open cut, five, including that at London Bridge, as enlarged tunnels or a combination 
of enlarged tunnel and open cut, and two were constructed at the surface. 
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5.2 Geology, geomorphology and hydrogeology 
The ground, and to a greater degree, the groundwater conditions pertaining, 
dictate the tunnelling techniques that can be used. Within the London Clay Formation it 
is generally possible to form tunnels using open-face methods, for example road-header 
and SCL at London Bridge. To gain access to the tunnels from ground surface level, as 
well as facilitate ground treatment operations, shaft structures are usually constructed 
through the surficial materials; the Made Ground, alluvium and the Thames Terrace 
gravels. The following sub-sections outline the broad geology of the London Basin 
before summarising the particular ground conditions encountered at London Bridge in 
relation to the sub-surface works. 
5.2.1 The geological succession 
As shown in Figure 5.2, the near-surface geology of the London Basin 
comprises a broad synclinal (sagging) fold in the Cretaceous (Chalk) and overlying 
Tertiary (London Clay and Lambeth Group) sedimentary deposits. The main syncline is 
asymmetric in form and its axis plunges northeastwards along a line passing just to the 
north of Wimbledon; the route of the JLE runs approximately parallel to the main 
synclinal fold. A series of minor folds, orientated both parallel and perpendicular to this 
main synclinal axis are superimposed upon the structure of the London Basin. 
Although both sets of folds are relatively gentle, intersections have produced 
local domes or basins which, in general, have raised the Chalk surface to within about 
55 m of the existing ground level in Inner London, including the Southwark area. A 
notable dome-like structure occurs at Deptford to the southeast of London Bridge (see 
Figure 5.2), where Cretaceous and Tertiary sedimentary deposits have been folded into 
a shallow structural dome. The Tertiary sediments are overlain by a mantle of 
Pleistocene sands and gravels, which, in turn, is capped by recent alluvial deposits and 
made ground. 
In addition, two faults, the Wimbledon and Greenwich Faults, which are also 
shown in Figure 5.2, traverse the South London area, to the southeast of London 
Bridge, with a generally southwest-northeast trend. 
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5.2.2 The London Clay Formation 
Although the London Clay Formation is relatively homogeneous in lithological 
terms in comparison with, for example, the heterogeneous underlying clays and sands of 
the Lambeth Group, distinct vertical lithological sub-divisions, which are regionally 
persistent in the London area, do exist. These features can have a significant effect on 
both the near-surface geology and hydrogeoiogy of an area. The London Clay 
Formation is the most extensive of the Palaeogene deposits in the London Basin and 
was deposited in a marine environment during the Eocene epoch some 50 to 55 million 
years BP, in a drowned platform of the North Sea basin. 
Five major transgressive-regressive cycles are recognised within the London 
Clay Formation (King, 1981) and are used to broadly define five divisions in the clay, 
which are presented in Figure 5.3, based on a combination of lithological and bio-
stratigraphical data. Each cycle ideally marks the base of a coarsening-upwards facies 
sequence. In Central London, the London Clay comprises a deepwater marine mud 
deposited in water depths in excess of 100 m. 
5.2.3 The units of the London Clay Formation 
As shown in Figure 5.3, King (1981), on the basis of lithological considerations, 
divided up the London Clay Formation into successive divisions: A1, A2, A3, B, C, D and 
E. These divisions are characterised by changes in the proportion of clay, silt and sand; 
such changes can be identified by, amongst other techniques, the careful visual logging 
of the material or from the analysis of natural moisture content profiles. King (2002) has 
subsequently commented that the thickness of these lithological units appears to be 
remarkably uniform across the London area. In Central London, only the lower part of 
the sequence, units A1, A2 and AS, is generally preserved. 
Following investigations into the higher than anticipated volume losses observed 
during excavation of both the east- and westbound JLE running tunnels at St James's 
Park, Standing and Burland (1999, 2006) further sub-divided division AS into A3(i) and 
A3(ii). This sub-division was made to delineate the upper region of this division, which 
was seen to contain distinct silt and sand partings, that are of important engineering 
significance. 
- 1 0 1 -
Chapter 5: The Jubilee Line Extension Project 
The Harwich Formation represents the first material to be sedimented into the 
embryonic sea and delineates the overlying London Clay from the underlying Lambeth 
Group. The first division of the London Clay Formation, unit A1, a glauconitic sand, is 
co-extensive with the Swanscombe Member (King, 1981). 
Division A2, is in general approximately 12 m thick, poorly sorted with a high 
percentage of silt, and occasional wood fragments and pyrite nodules. Silt and fine sand 
lenses and partings are numerous; several sandy clay and silty clay alternations with 
diffuse boundaries are also evident, reflecting minor sea level changes. In general, unit 
A2 is non-calcareous and contains no claystones. 
Division A3 is also typically about 12 m thick. At its base is the first of several 
homogeneous and slightly calcareous silty clay layers. Immediately above the base of 
this layer is the first of several claystone layers; it is more or less continuous. Towards 
the top of the unit, silt and sand partings become more common as well as impersistent, 
thin claystone layers. 
The macrofabric of the London Clay is characterised by the presence of 
discontinuities including fissures, joints, bedding surfaces, shear surfaces and minor 
faults. Of particular relevance to tunnelling are pre-existing shear surfaces referred to 
as 'backs'and 'greasy backs' {VJard et al., 1959), which are larger than fissures and 
typically form a series of intersecting curved surfaces. These features can give rise to 
slips and overbreak in excavation. 
Might et al. (2003) summarise the engineering characteristics of the London Clay 
Formation, based on the results of laboratory and in situ tests. They also explore the 
link between engineering properties and lithological units. 
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5.2.4 Scour hollows 
In some areas of the London Basin, local hollows have been noted within the top 
surface of the London Clay (Berry, 1979). In certain cases these scour hollows 
penetrate through the full thickness of the Tertiary deposits, creating hydraulic continuity 
between the superficial deposits of the upper aquifer (perched groundwater table) and 
the lower aquifer (Chalk) at depth. Most of these features are thought to have been 
formed by the scouring action of glacial meltwater streams and are usually infilled with 
recent alluvial deposits, typically consisting of a variety of materials, ranging from clays 
to gravels, which may exist as discrete units or as a mixture. Often, they are associated 
with buried channels and many of them coincide with stream junctions in the drainage 
pattern of the period. These features can vary from a few tens of metres across to 
hundreds of metres in each direction. 
Several scour hollows have been noted within the Southwark area (Simpson et 
a!., 1989). Of these, the feature observed at Hay's Wharf, the location of which is shown 
approximately in Figure 5.4, is of greatest relevance to JLE London Bridge underground 
station. It is some 150 m to the northeast of the underground station, adjacent to the 
River Thames. Within the immediate vicinity of JLE London Bridge underground station, 
historical exploratory hole record sheets compiled during the JLEP, suggest the 
existence of a scour-like feature beneath London Bridge Street (see Figure 5.4). As 
shown in Figure 5.5, a depression is evident at the top of the London Clay in this area. 
The location of this feature coincides approximately with that of the eastern escalator 
shaft of the underground station. Problems were encountered during the excavation of 
the intermediate horizontal concourse of this escalator shaft (see Sub-section 6.2.9 of 
Chapter 6). The interface between the London Clay and overlying Terrace Gravels was 
encountered at a depth about two metres lower than that anticipated, approximately 1.5 
m below the crown of the concourse tunnel. The corresponding ground conditions 
during tunnel driving were poor, a band of saturated gravels in the crown making 
construction slow and difficult, necessitating full-face support. In Figure 5.6, contours of 
the depth to the top of the London Clay, i.e. the depth of surficial deposits above the 
London Clay, prepared by Mott MacDonald in 1991 have been transcribed onto a plan of 
the sub-surface works. These contours identify the possible scour-like feature beneath 
London Bridge Street and also an erosional feature to the immediate east of the 
Southwark Cathedral Chapter House. 
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5.2.5 Hydrogeology 
In the London Basin, groundwater is present within both the superficial deposits, 
the Terrace Gravels, alluvium and Made Ground, and at depth within the chalk and the 
permeable Tertiary sedimentary deposits beneath the London Clay, the Thanet Beds 
and lower granular sub-units of the Lambeth Group. These two water-bearing horizons 
are commonly referred to as the upper and lower (deep) aquifers, respectively (Simpson 
et al., 1989). 
Historically, water was abstracted from the deep aquifer resulting in a depressed 
piezometric level throughout Central London. The water levels recorded in 1967 were 
some 60 m below those observed in the 1850s. In recent years, however, there has 
been a decline in abstraction and consequently groundwater levels in the Central 
London area are now rising, in some areas by as much as 1.5 m/year. Over the 30 year 
period between 1967 and 1997, water pressures in Central London have risen by about 
48 m (Thompson, 1997). The situation is currently being monitored by the National 
Rivers Authority. On the basis the available information, and with regard to the 
proposed 120 year design life of the new underground railway, a long-term piezometric 
level of 2.5 m.O.D. was assumed in the design of the sub-surface structures on the 
JLEP (Davies, 1999). 
The water table in the overlying Terrace Gravels and other superficial deposits is 
generally found to be at approximately Ordnance Datum, between 5 m and 6 m below 
the existing ground surface. Surface precipitation and, locally, the River Thames, 
recharge this aquifer. 
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5.3 London Bridge 
As shown in Figure 5.4, the ground in the vicinity of the JLE London Bridge 
underground station is delineated by NE-SW trending faults. Some 70 m to the east of 
the station, a fault with a downthrow of about 6 m to the southeast intersects the JLE 
running tunnels. To the west of the underground station, another fault of similar 
displacement and orientation has been identified. This feature has been associated with 
the poor tunnelling conditions encountered during the enlargement of the adjacent City 
and South London Railway (now part of the Northern Line) between 1922 and 1924 
(Jones and Curry, 1927). The ground between these two geological structures forms a 
minor horst feature, which has marginally elevated the London Clay. Although this 
elevation has now largely been concealed by the overlying surficial deposits, it was 
sufficient at one time to form a low relief island within the floodplain of the River Thames, 
Over Ey. 
Procurement and reporting of site investigation information on the JLEP was 
divided into three parts: western, central and eastern. The main site investigation works 
for the JLEP at London Bridge were included in Site Investigation Packages Nos. 3 and 
4, within the western part of the route (Linney & Page, 1996). The site investigation 
contractor for these packages was Soil Mechanics Ltd while the Engineer for the works 
was Mott MacDonald. The fieldwork was carried out over a five month period between 
August and December 1990 (Soil Mechanics Ltd, 1991, and Mott MacDonald 1991). Six 
boreholes were sunk in the vicinity of the proposed underground station during these 
works. 
A further two boreholes were sunk by SML in the immediate vicinity of London 
Bridge underground station during February and March 1994 as part of additional 
investigative works (Soil Mechanics Ltd, 1994). The purpose of these two exploratory 
holes was to prove the top of the London Clay. 
5.3.1 Ground conditions 
The locations of the eight boreholes sunk at London Bridge, are shown in Figure 
5.6. They were sunk by cable percussive means. The corresponding borehole logs 
(Soil Mechanics Ltd, 1991 & 1994) indicate that relatively uniform depths of Made 
Ground, Alluvium and the Terrace Gravels overly the London Clay, the youngest of the 
Tertiary sediments, and in which the underground works are largely located, which in 
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turn overlies the upper mottled clay of the Lambeth Group. Typical index properties and 
suggested geotechnical design parameters are given by Withers et al. (2001) for the 
materials encountered along the JLE route. 
The made ground varied in depth from just over 3 m to in excess of 5 m and 
typically comprised angular to sub-rounded fine to coarse gravel-sized brick, concrete 
and flint fragments in a very sandy/soft clay matrix. The depth of made ground 
encountered in the vicinity of London Bridge underground station was greater than that 
encountered elsewhere along the route of the JLE. The underlying alluvial deposits, 
where present, generally consisted of alternately firm and soft clay layers with 
occasional root tracks, and were of the order of 1 to 1.5 m thick. The Terrace Gravels 
beneath, typically comprised a layer of angular to rounded fine to coarse flint gravel 
between 5 and 7 m thick. Underlying the Terrace Gravels a thin band, typically about 
0.3 m thick, of firm, extremely closely fissured, weathered London Clay was 
encountered. The approximately 20 m thick stratum of overconsolidated London Clay 
beneath this horizon was generally described as a stiff becoming very stiff, extremely 
closely becoming very closely fissured, clay. Bioturbation within this horizon was rare. 
The London Clay becomes thickly laminated with depth. Occasional partings 
and pockets of silty sand/sandy silt are also noted at depth. The fissures are randomly 
orientated, planar, smooth, clean and tight with occasional black mottling. Thin bands of 
slightly weathered, moderately weak, calcareous claystone are also encountered very 
occasionally. Towards the base of the London Clay horizon, some lignite fragments and 
some coarse gravel-sized, partly pyritized (cemented) sand were recovered. The 
underlying upper mottled clay horizon of the Lambeth Group typically comprises a very 
stiff extremely closely fissured mottled clay. The fissures are generally randomly 
orientated, rough, undulose and irregular, locally slightly polished and striated. 
5.3.2 Groundwater conditions 
The available groundwater monitoring data in the vicinity of London Bridge 
underground station is inconclusive. Observations made during drilling and readings 
taken from piezometers subsequently installed in the Terrace Gravels suggest a 
perched water table at about -1.0 m O.D., of the order of 5.5 m below existing ground 
level in St Thomas Street. The monitoring data for those instruments installed at greater 
depths are considered unrepresentative of the in situ conditions. 
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The London Clay in Central London historically, is under-drained. Might et al. 
(2003) present typical piezometric profiles for several sites, demonstrating the varying 
levels of under-drainage that can be recorded. The presence of existing tunnels can 
affect the local piezometric conditions if they act as drains. Figure 34(d) from Might et al. 
(2003), which illustrates the effect of drainage to pre-existing tunnels on piezometric 
profiles at Waterloo is reproduced here as Figure 5.7. 
Waterloo Station on the JLE is of a similar configuration to that at London Bridge 
and is subject to similar environmental factors; an extensive network of pre-existing 
tunnels in the area. The sub-surface excavations for Waterloo Station are likely to have 
been carried out within the upper part of the A2 unit and the corresponding lower part of 
the A3 unit (Marris, 2002). JLE London Bridge underground station is likely to have 
been excavated largely through the A2 unit, whose relative permeability is higher than 
that of unit A3. At London Bridge, anisotropic permeabilities within the London Clay, as 
a result of the presence of partings and pockets of silty sand/sandy silt as well as the 
laminated nature of this horizon at depth, would have been further influenced by the 
opening-up of fissures during tunnel excavation. 
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Chapter 6 -
The underground works 
This chapter describes the construction worl<s undertaken in the vicinity of the 
case history buildings under investigation at London Bridge during the construction of 
the JLE underground station and associated improvement works to the adjacent 
Northern Line. Protective measures, including permeation and compensation grouting 
ground treatment works, were implemented on a large scale at this site during 
underground construction. The sources of information specific to the JLEP (and thus 
unpublished), which form the basis of many of the details presented in this chapter, are 
summarised in Appendices B and C. 
Much time and effort was spent compiling this detailed history of construction 
activity, involving consultations with members of staff of both the JLEP site supervisory 
team and LUL Headquarters, as well as the main contractor for the works, the CTW JV, 
over several years. A constructive dialogue was maintained with staff at LUL 
Headquarters throughout the term of the research programme. The process was very 
much iterative in nature, resulting in several instances of needless repetition and 
abortive effort. The compilation of the compensation grouting records, for example, 
required three major iterations before the complete dataset of almost 40,000 injections 
had been collated. Time was also spent examining information stored in both the JLEP 
and LUL archives. This information was largely in paper format and had to be converted 
into digital format for use in subsequent analysis and interpretation. In several cases, 
for example the compensation grouting records, the data had to, first, be verified before 
conversion to digital format; verification included the resolution of 
conflicting/contradictory information. 
6.1 London Bridge 
As shown in Figure 6.1, the JLE underground station forms part of a complex 
transport interchange at London Bridge, which includes the existing Northern Line of the 
underground, the national/suburban rail network and local bus termini. The station 
layout is shown in plan in Figure 6.2, while a schematic view is presented as Figure 6.3. 
The station is of the enlarged tunnel type and comprises a central concourse tunnel 
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flanked by east- and westbound station tunnels, which are enlargements of the 
corresponding running tunnels. All three tunnels are at a similar elevation. Access to 
each station tunnel is gained from the central concourse via four cross passages 
positioned along its length. The central concourse tunnel is accessed from the surface 
via three declines; the western escalator shaft, the JLE/NL Interchange Passage and the 
eastern escalator shaft. The western escalator shaft provides entry/exit from the 
Borough High Street Ticket Hall at the western end of the station concourse. To form 
the Borough High Street Ticket Hall a relatively shallow excavation of about 6 m depth 
maximum was required beneath the A3, Borough High Street. The JLE/NL interchange 
passage allows entry/exit to the central concourse from the adjacent NL station. Surface 
access to the central concourse is gained at the eastern end of the station via the 
eastern escalator shaft, which connects to the existing Main Ticket Hall of the NL 
underground station. 
As shown in Figures 6.2 and 6.3, ancillary sub-surface structures at the western 
end of the station, not open to public access, include the Interlocking Machine Room 
tunnel, which provides a further connection between the running/station tunnels, and the 
western ventilation tunnel to the north of the station. The western emergency escape 
and ventilation shafts are also situated to the north of the main station infrastructure. At 
the eastern end of the station, ancillary sub-surface structures include the eastern 
emergency escape shaft and connecting passageways, which are situated between the 
two running tunnels. The eastern ventilation tunnel arrangement immediately to the east 
of the emergency escape shaft consists of cross passage links to the running tunnels 
and the ventilation tunnel itself. Initially, this tunnel is aligned parallel to the running 
tunnels before diverging to the south, crossing over the westbound running tunnel at a 
skew angle of about 45°, and then connecting to the corresponding ventilation shaft. 
At the surface, the London Bridge area comprises a dense and congested urban 
environment. Sub-surface, the presence of several existing structures provided 
ready-made facilities from which to carry out the compensation grouting ground 
treatment operations as well as facilitating construction of several of the connecting 
shafts and adits. In some cases, elements of these structures were ultimately 
incorporated into the Permanent Works. These structures are described in more detail 
in Section 8.2.2.2 of Chapter 8. 
As shown in Figures 6.2 and 6.3, contemporaneously with the construction of 
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the JLE London Bridge underground station, major improvement works, including the 
provision of new station and concourse tunnels as well as additional escalator shafts and 
connecting passageways, were undertaken to the adjacent Northern Line in order to 
provide a suitable interchange between the two underground stations. Of particular 
significance to this research project were the construction of the NL southern escalator 
and associated ground treatment works undertaken beneath Borough High Street 
adjacent to London Bridge Post Office. 
6.2 Tunnelling 
The complex arrangement of tunnels, shafts, adits and passageways forming 
London Bridge underground station on the JLE were constructed adopting both 
traditional hand-mining methods as well as the more recently developed SCL technique. 
In the case of the former, tunnelling commences from a break-out within an existing sub-
surface structure; this comprises a series of staged excavations to form a stable tunnel 
ring arrangement. 
The procedure involves the incremental expansion of the excavation drift with 
appropriate temporary support provision, until a void sufficient to accommodate the 
finished underground structure has been created. In break-outs the support is provided 
almost exclusively by timbering with no coherent load paths. Such support minimises 
the potential for local instability and is usually only in place for a short period - the 
movements associated with such limited excavations do not generally present a 
problem. Once a stable ring has been formed, the advancing tunnel lining is used to 
support the temporary timber support to the face, with excavation subsequently 
proceeding as a full-face drive. At London Bridge, the hand-excavated tunnels were 
lined with bolted and grouted Spheroidal Graphite Iron units, which can be used as 
support soon after installation. The annulus around the SGI tunnel lining units was 
generally back-grouted within one metre of the excavation face, as soon as possible 
after installation, to limit subsequent ground loss. During periods of inactivity, the 
excavation face was completely covered by faceboards, and the gap between faceboard 
and soil grouted. The hand-mining works were carried out in essentially the same 
manner throughout the London Bridge area, only the temporary support arrangements 
were varied. All the shafts/declines, which traversed the interface between the London 
Clay and the overlying Terrace Gravels, were hand-mined. 
The SCL tunnelling technique essentially comprises the application of sprayed 
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concrete (shotcrete) as initial, temporary support to sequential tunnel excavations; short 
lengths of tunnel are systematically excavated, cut in benches, followed by the rapid 
application of a flexible support structure. Installation of the permanent lining follows at 
a later date. At London Bridge the majority of the large diameter tunnels within the 
London Clay Formation were formed in this way. The Type 4 cross-sectional detail for 
benched excavations and the Type 3 excavation sequence (both after ICE, 1996), which 
are shown in Figures 6.4 and 6.5, were generally adopted in these works. The 
excavation sequence and corresponding face areas, varied depending upon the 
particular tunnel being formed. 
Originally, it had been intended to construct the main station tunnels adopting the 
SCL technique in a single excavation and lining sequence, but, following the collapse 
during the construction of the Heathrow Express tunnels (New Civil Engineer, 1994), 
which had also employed this sequencing, an alternative two-stage procedure, involving 
the construction of a pilot tunnel followed by enlargement to final size, was adopted. It 
was envisaged that the pilot tunnels would act as large dowels as outlined in Figure 2.5, 
stabilising the excavated faces and limiting settlement during the subsequent 
enlargement phase (Mair, 1993). Pilot tunnels were driven for all tunnels larger than 
8.2 m o.d. at London Bridge. 
As was the case with excavation geometry, the thickness of the shotcrete 
temporary lining applied as part of the SCL process, was dictated by tunnel diameter. It 
varied between 150 mm for the running tunnels, 300 mm for the station tunnels and 400 
mm for the station concourse tunnel. In addition, all shotcrete sections were reinforced 
with steel mesh and lattice girder arches; the arches were installed around the tunnel 
perimeter, generally after each metre of advance. Installation of the bolted and grouted 
SGI segmental permanent lining followed at a later date. 
During excavation probe drilling ahead of the tunnel face, geological logging and 
constant observation of the tunnel heading were carried out by the contractors' staff as a 
matter of routine. Unexpected or adverse ground and/or groundwater conditions were 
noted and acted upon. The following sub-sections briefly outline the methods employed 
in the construction of the various sub-surface structures, general excavation sequences 
adopted, progress and the overall timing of events. 
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6.2.1 Running/Station Tunnels 
The 5.4 m o.d. east- and westbound running tunnels shown in Figure 6.2, were 
constructed employing the SCL technique in the London Bridge area, adopting a full-
face, staged excavation sequence, with 3.0 m heading and 2.4 m invert respectively. 
The corresponding, approximately 160 m long, 8.7 m o.d. station tunnels were 
constructed in a similar sequential manner, incorporating a 5.4 m o.d. pilot tunnel and 
subsequent enlargement, with 3.0 m heading and 2.4 m invert, and 3.5 m heading, 2.5 
m intermediate bench and 2.7 m invert respectively, for pilot and enlargement. 
During enlargement, the pilot tunnels were generally over-cut and their linings 
demolished with the advance of the excavation faces for the finished tunnels. The 
exceptions were the reinforced concrete sections cast within the inverts of the pilot 
tunnels; these were subsequently incorporated into the inverts of the enlarged tunnels. 
To achieve this detail the invert of the respective pilot tunnel had to be positioned 
coincident with that of the finished tunnel as shown in Figure 6.6. Short length transition 
zones between the running and station tunnels enabled the realignment of the 
running/station pilot tunnels at both ends of the station platforms, to realise this 
configuration. Figure 6.7 shows the typical relative offset between running and station 
tunnel invert alignment. The axes of the station tunnels were in the range 20 to 25 m 
below ground level. 
Construction of the 5.4 m o.d. westbound running tunnel commenced in a 
generally easterly direction from the cable adit tunnel, to the west of London Bridge 
underground station, on 29 June 1994. Excavation was on a 24-hours, two-shift, five-
days-a-week basis, initially, before changing to a 24-hours, two-shift, seven-days-a-week 
basis from 5 September 1994, at which time the excavation face was of the order of 150 
m to the west of the station. Excavation was halted on 14 September 1994 at chainage 
1149. It resumed on 25 April 1995, with excavation on a 24-hours, two-shift, five-days-a-
week basis. Excavation of the running tunnel to the west of the underground station was 
completed on 28 April 1995. 
The corresponding drive from the cable adit tunnel towards London Bridge, for 
the 5.4 m o.d. eastbound running tunnel, commenced on 18 October 1994. In the 
immediate aftermath of the Heathrow Express tunnel collapse on 21 October 1994, all 
tunnelling works on JLEP Contract 104, London Bridge, employing the Sprayed 
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Concrete Lining technique were voluntarily suspended. Excavation of this tunnel 
resumed on 25 January 1995, on a 24-hours, two-shift, five-days-a-week basis. On 
resumption of excavation on 28 March 1995 following a week-long break, the works 
were progressed on a 24-hours, two-shift, seven-days-a-week basis. Excavation of the 
running tunnel to the west of the underground station was largely complete by 6 April 
1995, when the works were again halted. 
The westbound running/station pilot tunnel was excavated between 1 May and 
16 August 1995, while the corresponding eastbound running/station pilot tunnel was 
excavated between 6 June and 15 August 1995. Both tunnels were excavated in a 
generally easterly direction towards London Bridge surface railway station. Excavation 
of the westbound pilot tunnel was halted for almost four weeks, between 4 and 30 May 
1995, with only about 20 m of tunnel having been excavated, due to various matters 
associated with the installation and operation of the surface monitoring equipment and 
the implementation of protective measures. On resumption, tunnelling proceeded on a 
24-hours, two-shift, five-days-a-week basis until 7 July 1995, when, some five metres 
from completion, excavation was again halted. 
Excavation of the eastbound pilot tunnel was undertaken on a similar 24-hours, 
two-shift, five-days-a-week basis from commencement until 30 June 1995, when 
tunnelling works were suspended for approximately three and a half weeks. On 
resumption on 18 July 1995 tunnelling continued on a 24-hours, two-shift, five-days-a-
week basis until 10 August 1995, when, similar to the westbound pilot tunnel, some five 
or so metres short of completion, excavation was again halted. Excavation of the final 
few metres of both the east- and westbound pilot tunnels was completed between 14 
and 16 August 1995. Up until the suspension of excavation on the eastbound pilot 
tunnel drive on 30 June 1995, it had been lagging typically between one and one and a 
half project weeks, a length of approximately 30 m of tunnel, behind the adjacent 
westbound pilot tunnel works. 
The corresponding enlargement works were completed between 5 September 
1995 and 21 February 1996, and 6 November 1995 and 25 March 1996 for the west-
and eastbound station tunnels respectively. Excavation of the westbound enlargement 
was largely continuous, on a 24-hours, two-shift, seven-days-a-week basis, with only six 
stoppages (see Table 6.1). Excavation of the adjacent eastbound enlargement was 
also largely continuous, on the same basis, and incurred only five stoppages; these are 
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also detailed in Table 6.1. Up until the 1995 Christmas and New Year break, the 
excavation face of the westbound station tunnel enlargement was generally between 40 
and 50 m ahead of the corresponding enlargement of the eastbound station pilot tunnel; 
this was equivalent to between 4 and 7 project weeks. Following this holiday period, and 
with the enlargement works recommencing on the eastbound station tunnel first, the 
distance between the excavation faces of the east- and westbound tunnel enlargements 
reduced to between 20 and 40 m for the remainder of the drives, equivalent to between 
2 and 4 project weeks. 
Incremental excavation advance lengths for the pilot tunnels were typically 
between one and three metres while overall excavation rates were of the order of four to 
five metres equivalent length of tunnel per day. For the corresponding enlargements, 
incremental advance lengths were also generally between one and three metres, with a 
corresponding overall excavation rate equivalent to approximately one metre length of 
tunnel per day. The progress of the tunnels as well as that of the individual benches of 
these sequential excavations together with the corresponding nominal excavated 
volumes, are shown in Figures 6.8 and 6.9 for the pilot tunnels and subsequent 
enlargement works respectively. In the figures illustrating overall tunnel progress. 
Figures 6.8(a) and 6.9(a), the Southwark Cathedral Chapter House is shown as a 
reference point. 
No significant ingress of water was observed during excavation of either the east-
or westbound running/station tunnels; just minor seepage from 'claystones'was noted. 
The ground conditions were generally considered to have been stable throughout 
excavation. Only one, minor fault - with 80 mm southerly downthrow displacement - was 
recorded along the length of the tunnel. 
6.2.2 Station Concourse Tunnel 
The 91 m long, 11.8 m o.d. station concourse tunnel, which is shown in Figure 
6.10, was advanced from a temporary works access tunnel, which was constructed from 
a break-out within the IMR tunnel (see Figure 6.11). Similar to the station tunnels, the 
SCL technique was used to form this tunnel, incorporating a combination of pilot tunnel 
with enlargement. The pilot tunnel and subsequent enlargement were advanced as part 
of phased excavations, with 3.0 m heading and 2.4 m invert, and 5.0 m heading, 2.8 m 
and 2.7 m intermediate benches, and 1.3 m invert respectively. The diameter of the 
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temporary works tunnel was initially 5.4 m o.d., immediately adjacent to the IMR tunnel, 
before increasing to 6.5 m o.d. beyond the twenty-sixth lattice arch girder (see Figures 
6.11 and 6.12). 
The first 16 m length of the temporary works access tunnel was subsequently 
abandoned and backfilled with mass concrete, while the remaining portion, abutting the 
station concourse, was subsequently incorporated into the 6.5 m i.d. western escalator 
shaft and associated 7.7 m i.d. Lower Machine Chamber (see Sub-section 6.2.3 below). 
With the exception of the reinforced concrete section cast within the invert, which was 
subsequently incorporated into the invert of the finished tunnel in a similar manner to the 
station tunnels, the enlargement of the concourse pilot tunnel involved over-cutting the 
existing tunnel and demolishing the lining, as the excavation face for the enlarged tunnel 
advanced. 
Excavation of the station concourse temporary works access and pilot tunnels 
were undertaken between 3 May and 1 June 1996, with the corresponding enlargement 
works being completed between 19 June and 13 September 1996. Construction of the 
access and pilot tunnels progressed on a continuous 24-hours, two-shift, seven-days-a-
week basis. Apart from the 24-hour stoppages on 28 June, 28 August and 3 September 
1996, the subsequent enlargement works were also undertaken on a continuous 24-
hours, two-shift, seven-days-a-week basis. 
The incremental advance length for the pilot tunnel was typically between three 
and five metres while overall equivalent excavation rates were of the order of three 
metres length of tunnel per day. For the enlargement works, the incremental advance 
length was generally between one and two metres with a corresponding overall 
excavation rate typically equivalent to one metre length of tunnel per day. The progress 
of the tunnels as well as that of the individual benches of these sequential excavations 
together with the corresponding nominal excavated volumes, are shown in Figures 6.11 
and 6.12 for the pilot tunnel and subsequent enlargement works, respectively. 
A channel-shaped feature consisting of a soft, saturated sand, which resembled 
a remnant scour feature, was observed within the invert of this tunnel, along the 
erosional contact between the London Clay and the Lambeth Group beneath the 
junction between Alam House and the bell tower of the Southwark Cathedral Chapter 
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House. 
The 9.3 m o.d. section of tunnel connecting the station concourse with the 
eastern escalator shaft and housing the Lower Machine Chamber of this escalator, the 
station concourse transition tunnel, was also constructed employing the SCL technique. 
It was advanced as a phased excavation incorporating a full-face drive, with 2.8 m 
heading, 3.9 m intermediate bench and 2.6 m invert, between 29 October and 9 
November 1996. With the exception of two 24-hour stoppages, on 31 October and 7 
November 1996 respectively, excavation of this short length of tunnel was on a 
continuous 24-hours, two-shift, seven-days-a-week basis. The incremental advance 
length was of the order of two metres for heading bench and invert, with a typical overall 
excavation rate equivalent to about one metre length of tunnel per day. 
6.2.3 Western Escalator Shaft 
The 6.5 m i.d. western escalator shaft and associated 7.7 m i.d. LMC, which link 
the Borough High Street Ticket Hall with the station concourse tunnel below and are 
shown in Figure 6.13, were hand-mined and lined with bolted and grouted SGI 
segmental units. The LMC essentially forms the transition between the western 
escalator shaft and station concourse tunnel. The approximately 40 m long escalator 
shaft was advanced as a full-face drive in a generally downward, easterly direction, at an 
angle of approximately 30- to the horizontal, from the reinforced concrete headwall 
formed within the Borough High Street Ticket Hall boundary wall beneath St. Thomas 
Street, between 15 January and 16 April 1997. A total of sixty-four tunnel rings were 
erected during these works; the first eighteen rings encountered Terrace Gravel 
deposits along an erosional contact with the weathered London Clay while excavation for 
the remaining forty-six rings took place entirely within the London Clay. 
With the exception of the period of inactivity between 30 January and 9 February 
1997 excavation was largely continuous on a 24-hours, two-shift, seven-days-a-week 
basis. The incremental advance length for this escalator shaft was generally 0.6 m (i.e. 
1 No. tunnel ring) while the overall excavation rate was typically about 1.2 m length of 
tunnel per day. 
The Terrace Gravels and other surficial soils in the vicinity of the western 
escalator shaft were subject to ground treatment in advance of tunnel excavation (see 
Sub-section 6.3.1.1 below). This treatment resulted in little water ingress during 
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subsequent decline construction, with only minor seepages being encountered from the 
Terrace Gravels. One fault was observed during tunnel excavation, logged within the 
London Clay between ring numbers 42 and 50; it comprised a sub-horizontal, slightly 
undulose, 'greasy-back' '\o\ni that displayed highly polished, slickensided surfaces with a 
recorded hanging wall movement into the excavation of up to 2 mm. 
'Claystones', post-depositional concretionary inclusions, were encountered within 
the upper 10 m of the London Clay. They varied in form from tabular discs to spheres 
with maximum dimension up to 1000 mm, although they were usually observed as 
nodules along fairly continuous horizons. The larger examples were commonly hollow, 
having an orange-brown quartz veining or crystal growth, and contained some water. 
On their excavation a large void was left in the tunnel profile, creating difficulties for 
subsequent construction and resulting in the implementation of additional remedial 
measures. Thin bands of a hard, brittle, yellow-beige marl-type material were frequently 
associated with these claystones; they were orientated along similar horizons. Unlike 
the claystones, however, the marl formed persistent layers/seams within the London 
Clay. In some cases they possessed a dense, dark brown network of mud-filled 
bioturbations of the order of 40 mm thick. 
6.2.4 Interlocking Machine Room Tunnel 
The 8.2 m o.d. Interlocking Machine Room tunnel, which is shown in Figure 
6.14, is situated at the western end of the station complex and links the east- and 
westbound station tunnels. It was advanced in a generally northerly direction from a 
break-out within the westbound station tunnel. The SCL method was employed, 
incorporating a phased, full-face drive with stepped excavation and lining sequence, 
comprising 3.8 m heading, 2.9 m bench and 1.5 m invert respectively. Excavation of the 
approximately 30 m long IMR tunnel commenced on 8 October 1995 and was completed 
on 3 November 1995, a total of thirty-one lattice girder arches having been installed. 
With the exception of the three-day cessation of the works between 11 and 13 October 
1995, and the 24-hour stoppages on 29 October and 1 November 1995, excavation was 
undertaken on a continuous 24-hours, two-shift, seven-days-a-week basis. The 
incremental length of advance for heading, bench and invert, and corresponding 
equivalent overall daily tunnel progress were each typically about 2 m. 
Ground conditions during tunnelling were generally considered to have been 
stable; no faulting was recorded nor were any significant inflows of water observed. 
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Some problems were, however, encountered with overbreak; occasional crown instability 
was recorded as a result of small blocks of London Clay 'sloughing' a\ong sand-coated 
sub-horizontal joints. 
6.2.5 Western Ventilation Tunnel and Shaft 
The construction of the approximately 70 m long, 7.95 m o.d. western ventilation 
tunnel, which is shown in Figure 6.15, commenced on completion of the eastbound 
station tunnel enlargement works. It was advanced from a break-out in the northern wall 
of this tunnel adjacent to its western junction with the corresponding running tunnel (see 
Figure 6.2), employing the SCL method and incorporating a sequential, full-face drive, 
consisting of 3.5 m heading, 2.6 m bench and 1.5 m invert respectively. The alignment 
of this tunnel includes a 90- degree bend, such that its general orientation changes from 
north-westerly to north-easterly, as well as declining at between three and four degrees 
towards the base of the corresponding ventilation shaft. Additionally, an approximately 
eight metre long section of this tunnel, close to the ventilation shaft, was used to trial the 
use of a fibre-reinforced sprayed concrete permanent tunnel lining; the outside diameter 
was increased to 8.65 m over this length of the tunnel. 
This tunnel was excavated between 29 March and 12 June 1996, with a total of 
seventy-seven lattice girder arches being installed, and apart from two stoppages, of 12 
and 22 days duration respectively, between 4 and 14 April 1996, and, 5 and 26 May 
1996 inclusive, tunnelling was continuous on a 24-hours, two-shift seven-days-a-week 
basis. The overall rate of excavation for this tunnel was equivalent to about two metres 
length of tunnel per day with a corresponding incremental advance length of typically two 
metres. Excavation was carried out largely within the A2 sub-unit of the London Clay 
Formation with only a small amount being undertaken within the A1, Harwich Formation 
and the uppermost units of the Lambeth Group, adjacent to the ventilation shaft. 
The corresponding ventilation shaft, which is shown in Figure 6.16, was built 
approximately concurrently with the tunnel. It consists of two sections; upper and lower. 
The upper section comprised the construction of a 13 m deep contiguous bored pile box 
section, with plan dimensions of approximately 6 m by 9.5 m. A number of the 52 No. 
500 mm diameter continuous flight auger piles, evenly spaced around the perimeter of 
the box, were extended to depths in excess of 25 m below the ground surface, i.e. within 
the London Clay, to provide support during the construction of the corresponding lower 
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section of tlie shaft. Several of these longer piles were also under-reamed. In addition, 
two 1200 mm diameter unreinforced bored cast insitu concrete piles were installed in the 
southwestern and southeastern corners of the box section. 
On completion of the upper section of the shaft, a 1.5 m thick canopy-type 
structure, which would ultimately connect the upper and lower sections of the shaft 
together, was formed at the base of the box section. Construction of the canopy at the 
interface between the Terrace Gravels and the London Clay was particularly 
problematical, with substantial ingress of water occurring (Field et al., 2000). This was 
despite the fact that the Terrace Gravels in the vicinity of the shaft had been subject to 
permeation grouting ground treatment in advance of excavation (see Sub-section 
6.3.1.2 below). Once the transition slab had been completed, the lower section of the 
ventilation shaft was constructed: an 11.5 m diameter hand-dug shaft, comprising 40 No. 
rings, which were made up of precast concrete segments, extending to a depth of about 
37.5 m below the ground surface. An approximately 2000 mm deep, domed concrete 
plug was constructed at the base of the shaft. The bottom sections of the 25 m long 
piles were removed once the precast concrete segmental lining of the lower section of 
shaft was capable of supporting the overlying box section; this was on completion of ring 
no.13. 
The upper section of the ventilation shaft was constructed between 20 June 1995 
and 19 January 1996 with the canopy-type structure being formed between 23 January 
and 7 May 1996. Excavation of the lower section of the ventilation shaft followed 
thereafter and was completed on 4 November 1996. Construction of the upper section 
of the shaft included a lengthy pause for archaeological investigations. 
Initially, shaft-sinking encountered a surface capping of made ground before 
passing through the Thames Terrace Gravels. The majority of excavation, however, 
took place within the London Clay, the Lambeth Group only being encountered at the 
base of the shaft. No faulting was observed during shaft-sinking and the ground 
conditions were generally considered to be stable. Considerable seepage and 
subsequent slumping was, however, noted from within the sands at the top of the 
Lambeth Group, resulting in ponding at the base of the shaft. 
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6.2.6 Western Emergency Escape Shaft 
The western emergency escape shaft, which is shown in Figure 6.17, is situated 
next to the western ventilation shaft on the northern side of London Bridge Street. It 
comprises an approximately 10.5 m by 4.7 m contiguous bored pile box extending to a 
depth of some 23 m below street level. The 64 No. piles forming the box consisted of 
500 mm diameter bored cast-insitu reinforced concrete piles; reinforcement was 
provided by centrally-placed, steel universal column sections. At the base of the shaft 
there are connections, twin adits formed within box headings (see Figure 6.17(a)), to the 
JLE/NL passenger interchange passageway (see Sub-section 6.2.8 below for further 
details). As with the western ventilation shaft works, the ground in the vicinity of this 
shaft was also subject to permeation grouting ground treatment in advance of shaft 
construction (see Sub-section 6.3.1.3 below). Construction was relatively 
straightforward with excavation proceeding in tandem with temporary propping. The 
propping, which comprised rectangular steel supporting frames, was removed as the 
internal structure, largely precast, was installed. The piles were installed during 
February and March 1995, with excavation of the shaft being undertaken thereafter, 
between 17 July 1995 and 18 April 1996. 
6.2.7 Station Cross-Passages 
As shown in Figure 6.2, at London Bridge underground station there are four 
station cross-passages linking the concourse tunnel with the adjacent station tunnels. 
Each cross-passage comprises two halves: a northern half, which links the concourse 
tunnel with the eastbound station tunnel, and a corresponding southern half, which links 
the concourse tunnel with the westbound station tunnel. 
Each half of each station cross passage was hand-mined in two parts: between 
January and March 1996 and during September and October 1996, as summarised in 
Table 6.2. Firstly, excavation was undertaken into the sprayed concrete linings of both 
the east- and westbound station tunnel walls, resulting in the local removal of this 
temporary lining, followed by the construction of 'eye ribs'\n preparation for the 
subsequent bulk excavation that would follow station concourse tunnel construction. In 
each case, excavation was preceded by stitch drilling through the shotcrete lining. On 
construction of the permanent SGI linings for the station tunnels, access to the cross-
passage excavation faces was severely restricted. As a result, the cross-passage eyes 
behind the SGI linings were backfilled with mass concrete; this infill was subsequently 
- 1 2 1 
Chapter 6: The underground works 
excavated as part of the bulk earthworks on completion of the station concourse tunnel. 
The bulk excavation works from the station concourse tunnel took place during 
September and October 1996, an elliptical profile being formed in each case, with 
maximum horizontal and vertical dimensions of 7.6 m and 6.5 m respectively. As shown 
in Figure 6.2, the thickness of the London Clay separating the concourse tunnel from 
the adjacent station tunnels reduces appreciably in an easterly direction, towards Joiner 
Street. No evidence of faulting was recorded within the cross passage excavations, the 
ground conditions generally being considered stable. Some problems were, however, 
experienced with overbreak as a result of crown instability, blocks of clay 'sloughing' 
along sand or locally mica-coated sub-horizontal joints. 
6.2.8 JLE/Northern Line Interchange Passage 
The construction of the approximately 45 m long, 6.2 m o.d. interchange passage 
shown in Figure 6.18, which links the JLE underground station to the adjacent, existing 
underground station of the Northern Line at London Bridge, was complex and time-
consuming, involving ten separate construction stages, albeit with lengthy periods of 
inactivity between some of the stages. The completed tunnel comprises 90 No. rings, 
including both tapered and full width segments. It was excavated by hand in two main 
drives: upper and lower. The lower drive consisted of the formation of 56 No. rings 
between the existing Long Subway tunnel and the JLE station concourse tunnel, while 
the upper drive comprised the formation of the remaining 34 No. rings between the Long 
Subway tunnel and existing Northern Line passageways to the north. Details of the 
Long Subway tunnel are given in Chapter 8. The sequence of construction for the 
interchange passage, including temporary works pilot tunnels and headings, is illustrated 
graphically in Figures 6.19 and 6.20. 
Firstly, a heading, WEES Heading No.1, which included 5 No. 1.8 m by 1.8 m 
frames (see Figure 6.19), was formed between the western emergency escape shaft 
and the existing Long Subway tunnel; a number of the piles forming the contiguous 
bored pile box of the escape shaft were broken out during the construction of this 
heading (see Sub-section 6.2.6 above). This work was undertaken between 29 April 
and 18 May 1996. Parts of the Long Subway tunnel adjacent to the junction with this 
temporary works heading were backfilled with concrete at this time. Next, commencing 
from a break-out within the wall of the Long Subway tunnel opposite this junction, a 
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further temporary works heading, LST Heading No.1, which is also shown in Figure 6.19 
and included 9 No.1.8 m by 1.8 m frames, was constructed. This heading was formed 
between 17 and 20 June 1996. On completion of this heading, the first two rings of the 
interchange passage itself were formed; the rings were constructed from a break-out 
within LST Heading No.1, between frames, nos. 7 and 9. As shown in Figure 6.19, 
formation of the interchange passage southwards towards the station tunnels below 
proceeded thereafter as a full-face drive in a generally downward direction. Construction 
took place in two phases, between 21 June and 19 July 1996, and from 4 until 30 
November 1996, when 16 No. and 17 No. rings were constructed respectively. During 
the intervening period, a second access from the Long Subway tunnel to the interchange 
passage, LST Heading No.2, which included 6 No. 1.7 m by 2.25 m frames, was formed 
(see Figure 6.20)). This work was undertaken between 8 and 17 October 1996. 
As shown in Figure 6.21, the lower tunnel drive also included the lengths of 
tunnel between and directly above, the eastbound station and concourse tunnels. This 
section of tunnel was excavated by hand, incorporating a number of 1.8 m square, 
timbered pilot headings with subsequent enlargement to the final 6.2 m o.d. In the first 
instance, a central heading was advanced over the eastbound station tunnel crown; side 
headings were then formed over the tunnel crown. The side headings were 
subsequently driven back to connect with the completed JLE/NL interchange passage 
tunnel. These headings were then driven forward towards the central concourse tunnel, 
the frame legs being extended as the headings passed over the eastbound station 
tunnel. The central heading was then driven likewise. More than 30 steel frames were 
used to provide support to these various headings. The pilot headings were formed 
between 8 January and 26 February 1997, with enlargement subsequently taking place 
from 11 March until 26 April 1997. Between 1 and 6 February 1997 inclusive, no 
excavations took place, and from 27 February until 10 March 1997, the work generally 
comprised the breaking out of shotcrete over the eastbound station tunnel. 
The upper tunnel drive of the JLE/NL interchange passage commenced from a 
break-out of the remains of the initial interchange passage heading, LST Heading No.1 
(see Figure 6.20). The Long Subway tunnel in this area was used as a pilot tunnel, the 
construction of the interchange passage being undertaken adopting a 'wrap-around' 
approach. The tunnel drive was undertaken in two phases, both incorporating a full-face 
excavation, between 12 May and 6 June, and between 4 and 9 November 1997. During 
-123-
Chapter 6: The underground works 
the cessation to the upper tunnel drive, a second heading, WEES Heading No.2, was 
formed between the western emergency escape shaft and the existing Long Subway 
tunnel (see Figure 6.20). Like WEES Heading No.1, this heading included 5 No. 1.8 m 
by 1.8 m frames and its construction necessitated the breaking out of a number of the 
piles forming the contiguous bored pile box of the escape shaft. WEES Heading No.2 
was excavated between 9 and 26 June 1997. Typical details of the support provided 
during the hand-mining works for the interchange passage are shown in Figure 6.22. 
No ground treatment works were undertaken specifically to aid construction of 
the interchange passage; probe holes were, however, drilled from the western 
emergency escape shaft in advance of the works to determine the level of the interface 
between the London Clay and overlying Terrace Gravels in the vicinity of the decline. 
The ground conditions encountered throughout the various tunnel drives for this 
shaft were generally considered to be stable; no faulting was observed nor were any 
significant seepages noted. An approximately 350 mm thick band of densely packed, 
sub-horizontal grout veins associated with the earlier compensation grouting protective 
measures (see Sub-section 6.3.2 below) was, however, recorded continuously along 
the lower tunnel drive. 
6.2.9 Eastern Escalator Shaft 
As shown in Figures 6.23, 6.24 and 6.25, the approximately 70 m long eastern 
escalator shaft, which links the concourse tunnel with the Main Ticket Hall of the existing 
underground station, consists of upper and lower inclined shafts separated by an 
intermediate horizontal concourse. The tunnel diameter varies along the length of the 
shaft from 8.7 m o.d. within the upper decline to 10.45 m o.d. within the corresponding 
lower decline. The completed tunnel comprises 104 No. SGI-lined rings, including both 
tapered and full width rings. Construction was complex and time-consuming, being 
undertaken in two parts - upper and lower. Conventional open cut-and-cover excavation 
methods were adopted for the former and traditional hand-mining techniques employed 
during excavation of the latter. Much of the escalator shaft was constructed 
incorporating a combination of pilot tunnel and enlargement. 
Construction of the upper part of the escalator shaft involved the formation of the 
escalator box; a 14 m by 8 m reinforced concrete box section that links the enlarged 
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Main Ticket Hall with the near-surface portion of the upper inclined shaft. The box, 
which is cellular in nature, comprises 86 No. 500 mm diameter bored cast-insitu secant 
piles. It was constructed between July 1994 and July 1996, in conjunction with the 
reconstruction of the existing underground car park adjacent to New London Bridge 
House, No.25 London Bridge Street, and through which it extends. The piles were 
installed between 31 October 1994 and 2 February 1995 with excavation of the box and 
construction of the permanent works following thereafter. There were two lengthy 
stoppages during construction to allow the Museum of London access to carry out 
archaeological investigations within the excavations; between 27 February and 8 April 
1995, and between 14 November and 4 December 1995. 
The upper inclined shaft, which is shown in Figure 6.25, comprises 15 No. 
8.25 m i.d. SGI-lined rings together with 3 No. 10 m i.d. SGI-lined rings. It was 
advanced downwards from a break-out within the escalator box, at an angle of 
approximately 30° to the horizontal, in a generally southerly direction, as a full-face drive 
between 21 September and 18 November 1996, and 15 and 17 December 1996. 
As shown in Figure 6.26, the lower part of the escalator shaft comprises an 
intermediate horizontal concourse and lower inclined shaft. Both were advanced from a 
break-out, a four-stage chimney excavation, within the Long Subway tunnel (see Figure 
6.27). The chamber thus formed was situated within the excavation envelope of the 
intermediate horizontal concourse, and ultimately became part of this feature as did the 
Long Subway tunnel in the vicinity. It consisted of 10 No. colliery arches lined with 
timber lagging, which was subsequently grouted up. The break-out was undertaken 
between 16 May and 10 June 1996. 
On construction of the colliery arch chamber, pilot tunnels were driven as shown 
in Figure 6.26, approximately concurrently, and in opposite directions, from break-outs 
within the chamber, on the line of the intermediate horizontal concourse. The 
approximately 20.4 m long eastern, PCC-lined pilot tunnel comprised 3 No. 3.85 m i.d. 
and 31 No. 4.57 m i.d. rings; the tunnel was enlarged on break-out from the colliery arch 
chamber. It formed the bulk of the pilot tunnel for the intermediate horizontal concourse. 
The initial length of pilot tunnel was constructed between 11 and 15 June 1996, with the 
enlarged section following thereafter, between 28 June and 26 August 1996. The first 
three rings of the western, PCC-lined pilot tunnel were also of 3.85 m i.d., and were 
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formed between 16 and 18 June 1996. Enlargement to the permanent 10 m i.d. 
SGl-lined intermediate horizontal concourse took place thereafter, between 18 
November and 7 December 1996, for rings, nos. 1-3; between 6 January and 27 March 
1997, for rings, nos. 4-17; and between 1 April and 17 June 1997, for rings, nos. 18-43. 
The 8.25 m i.d. SGl-lined lower inclined shaft, which is shown in Figure 6.23, 
was advanced downwards at an angle of about 30° to the horizontal, in an approximately 
westerly direction, ultimately connecting to the station concourse tunnel below. 
Originally, the intention had been to construct this shaft incorporating a pilot tunnel with 
subsequent enlargement throughout; the western pilot tunnel from the colliery chamber. 
On encountering the treated Thames Terrace Gravels in this pilot tunnel at a similar 
level to that in the corresponding eastern pilot tunnel, it was decided, in an attempt to 
mitigate further delays, to advance the remainder of the lower inclined shaft as a full-
face drive down through the London Clay. To facilitate this approach it was necessary to 
construct a transition length of tunnel at the junction between the lower inclined shaft 
and intermediate horizontal concourse; 5 No. 4.57 m i.d. and 18 No. 5.28 m i.d. PCC 
tunnel rings were formed in this operation. Excavation for the 4.57 m i.d. rings took 
place between 3 and 12 September, for rings, nos. 1-4, and 7 and 8 October 1996, for 
ring no.5, while excavation for the 5.28 m i.d. rings took place between 22 September 
and 5 October, for rings, nos. 1-7; 9 and 11 October, for rings, nos. 8-10; and between 
13 November and 23 November 1996, for rings, nos. 11-18. 
Excavation of the 8.25 m i.d. lower inclined shaft commenced on 2 December 
1996 and was completed on 21 March 1997. No work was undertaken on this shaft 
between 24 December 1996 and 2 January 1997, 5 and 6 January, 3 and 5 March, and 
9 March 1997. Although construction was largely continuous, on a seven-days-a-week, 
24-hours-a-day basis, progress was slow. Excavation for each individual tunnel ring 
would typically only take 3 days to complete but there would then be a subsequent 
pause in the excavation cycle lasting several days as the ring was erected. 
With the exception of the interface with the underlying London Clay, the Thames 
Terrace Gravels had generally been very successfully permeation-grouted at London 
Bridge (Field et al., 2000). This interface was about 1.5 m below the crown level of the 
intermediate horizontal concourse of the eastern escalator tunnel, approximately 2 m 
lower than anticipated. The corresponding ground conditions encountered during tunnel 
driving were poor, a band of saturated gravels in the crown making construction slow 
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and difficult, necessitating full-face timber support. In addition, each tunnel ring was 
back-grouted on completion of ring building in an attempt to stem further ingress of 
water. 
An additional feature of the escalator shaft excavations that had an adverse 
effect on progress was the numerous large diameter piles, diameters varied from 900 to 
1500 mm, encountered within the excavation face during tunnelling. Several additional 
piles, over and above those envisaged, were encountered within the excavation face. 
6.2.10 Eastern Ventilation Tunnel and Shaft 
The eastern ventilation shaft, which is shown in Figure 6.28, was sunk directly in 
front of the southern corner of Fielden House. It was constructed in two stages: top and 
bottom. The top section comprised an 800 mm thick diaphragm wall, 18 m by 5.5 m box 
section, excavated to a depth of approximately 22.5 m. Conventional techniques were 
employed to form the box section - guide wall, bentonite slurry and grab, with excavation 
typically in 3.5 m long sections. Bulk excavation of the top section followed, with 
localised trimming of the shaft sides by hand. As excavation progressed, both 
temporary and permanent rectangular steel supporting frames were installed within the 
box section to minimise subsequent wall movements. 
The diaphragm walls of the box section were constructed between 28 February 
and 5 May 1995, the guide walls having been formed during January and February 
1995. Bulk excavation of the top section of the shaft was carried out between 21 
September 1995 and 21 July 1996. As a result of ongoing design development of the 
bottom section of the shaft, it did not become possible to excavate beyond the toe of the 
diaphragm wall until August 1996. The excavation of the top section of the shaft thus 
became less of a priority and resources were frequently redeployed to other more critical 
tasks on site. A lengthy period for bulk excavation of this section of the shaft resulted. 
Additionally, problems with the panels of the completed diaphragm wall box resulted in 
further delays. Excavation to the various frame levels took less than a week in most 
cases; the subsequent installation of the frames themselves took considerably longer. 
There was also a pause at the start of bulk excavation of the top section of the shaft to 
allow archaeological investigations by the Museum of London; these works were carried 
out between 7 August and 20 September 1995. 
As shown in Figure 6.28, construction of the bottom section of the shaft involved 
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underpinning the walls of the top, box section to enable excavation to continue to a 
depth of 30.5 m below ground level. Ten precast concrete, segmentally lined 
underpinning shafts of about 3 m o.d. were hand-dug between 28 July and 18 December 
1996; excavation was not carried out between 14 and 24 October 1996 inclusive. They 
were excavated on a 'hit-and-miss'bas\s beneath the junctions of adjacent diaphragm 
wall sections. On completion of the excavation of each shaft to a depth of 8 m below the 
toe of the diaphragm wall, shuttering was erected within the shaft and concrete placed in 
that part of the shaft underlying the diaphragm wall. The ground in between the shafts 
was removed by hand-mining techniques and a sprayed concrete lining applied. Bulk 
excavation of the bottom section of the ventilation shaft to depth was undertaken 
between 10 January and 12 March 1997, revealing a lower shaft wall comprising 
semi-circular sections up to 1.5 m thick underneath the diaphragm wall box section. 
Excavation was not continuous throughout this period; there were several days when no 
excavation took place. 
The shaft extended through surficial deposits including made ground, the 
Thames Terrace Gravels and London Clay before encountering the upper units of the 
Lambeth Group at its base. Although often damp, the ground conditions were generally 
considered to have been stable throughout shaft construction. 
The corresponding 6.7 m o.d., approximately 60 m long ventilation tunnel, which 
is shown in Figure 6.29, was advanced in a generally southwesterly direction towards 
the shaft, from a break-out within the eastern ventilation cross passage, which is 
situated between the east- and westbound running tunnels to the east of JLE London 
Bridge Station. The alignment of this tunnel includes a bend of about 90- overall, such 
that its general orientation changes from essentially westerly at the cross passage, to 
approximately southerly at the ventilation shaft. As shown in Figure 6.29(b), in profile, 
the tunnel rises then falls as it passes over the westbound running tunnel. This tunnel 
was also formed employing the SOL technique, incorporating a full-face sequential drive, 
with 3.3 m heading, 2.2 m intermediate bench and 1.2 m invert respectively, and 
included 65 No. lattice girder arches. The lining of the adjacent eastern emergency 
escape shaft was exposed in the western wall of the ventilation tunnel during excavation 
resulting in subsequent precautionary monitoring of this shaft. 
Faulting was frequently observed during excavation of the first half of the tunnel, 
up to lattice girder arch, no.40, i.e. that part furthest away from London Bridge 
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underground station. The faults trended largely perpendicular to the tunnel alignment, 
resulting in very poor, 'blocky' ground conditions. Failure of the larger blocks within the 
crown and sidewall shoulders distorted the tunnel profile, creating difficulties for 
construction; more complex remedial measures were required than those needed for the 
more routine 'claystone'features. In addition, numerous grout veins were intersected as 
excavation proceeded over the westbound running tunnel, adjacent to the compensation 
grouting facility at the eastern emergency escape shaft. 
Excavation of this tunnel took place between 30 July and 26 November 1996. 
There were two lengthy stoppages, each of approximately four weeks duration, between 
10 September and 7 October, and 19 October and 13 November 1996 inclusive, 
respectively, and several other brief stoppages of the order of 24 hours; on 1,6, 8 and 
18 August, 21-22 and 25 November 1996. The typical incremental length of advance 
was 2 m with a corresponding overall daily excavation rate equivalent to 2 m length of 
tunnel. 
6.2.11 Station Tunnel Cable Adit 
The 2.13 m i.d. station tunnel cable adit (a shaft in reality), which is shown in 
Figures 6.2(b) and 6.30, is located beneath the London Bridge Street vaults, at the 
eastern end of the station complex, between the eastbound station tunnel and the lower 
decline of the eastern escalator shaft. It links the station tunnels with the transformer 
room in the vaults above. Permeation grouting ground treatment works were 
undertaken in the vicinity in advance of shaft sinking (see Sub-section 6.3.1.5). It was 
excavated by hand, using pneumatic tools, and employing a combination of top-down 
and bottom-up construction methods. 
Firstly, the existing timber box shaft in the vaults was broken out to allow 4 No. 
3.66 m i.d. rings to be built after which the vaults concrete base slab was broken out to 
enable the construction of 2 No. 2.13 m i.d. rings. Construction of the shaft was then 
progressed down to a level of 82.0 m.P.D. adopting conventional underpinning 
techniques, a further 12 No. 2.13 m i.d. rings being formed. 
Concurrently, a timber heading was driven over the full width of the cable shaft, 
from a break-out within the eastbound station tunnel. All boards were fully grouted 
during this drive. On completion of this heading, a reinforced concrete base slab and 
walls were formed. Then, a further heading, again of full shaft width and approximately 
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2 m in height, was driven from the eastbound station tunnel at axis level. On 
completion, reinforced concrete walls were again formed before a further heading, up to 
eastbound station tunnel shoulder level, was excavated. The concrete walls 
subsequently formed, connected into the bottom 2.13 m i.d. ring previously formed. 
Shaft sinking took place between 24 October 1996 and 9 January 1997. 
Reallocation of resources to other more critical activities within the site meant that these 
works were carried out intermittently during the construction period. 
6.2.12 Temporary Works Grouting Shaft 
One option investigated to facilitate compensation grouting protective measures 
beneath the buildings between St Thomas and London Bridge Streets, involved the 
sinking of a 4.27 m i.d. precast concrete lined, approximately 14 m deep, temporary 
works shaft in the car parking area to the rear of Mary Sheridan House (see Figure 
6.31). It was sunk, adopting conventional underpinning techniques; permeation grouting 
of the Terrace Gravels in the vicinity preceded shaft sinking (see Sub-section 6.3.1.6). 
Construction of the shaft commenced in December 1995, during which time the first two 
rings of the shaft were formed and a concrete collar cast around them. Subsequent 
rings were constructed in January and February 1996, the final ring being formed on 17 
February 1996. Archaeological investigations by the Museum of London were carried 
out approximately concurrently with the sinking of the upper rings of the shaft during 
January 1996. 
The shaft was not actually used as a compensation grouting facility. Moreover, 
by sinking it, compensation grouting beneath Mary Sheridan House became impractical -
numerous TAMs beneath the building footprint were intersected and thus rendered 
inoperable. Additionally, a 5 m compensation grouting exclusion zone was placed 
around the shaft. This also had an impact on adjacent buildings. The shaft was 
subsequently decommissioned during February and March 1998. 
6.2.13 Eastern Emergency Escape Shaft 
The 10.67 m o.d., approximately 31 m deep, Eastern Emergency Escape Shaft 
shown in Figure 6.32, was sunk over the period 13 February to 16 November 1995 
using a combination of traditional segmental precast concrete ring building methods and 
the more recently-developed SCL technique. Excavation of the first 35 No. rings of the 
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shaft was by underpinning through previously treated ground (see Sub-section 6.3.1.7 
below). The SCL method was adopted for the remaining 10 rings towards the base of 
the shaft, where a considerable number of openings had to be formed, the rings and 
opening sets of which were built within this shotcrete shell. A sump covering almost half 
the cross-sectional area of the shaft was excavated in the base. The upper section of 
the shaft was completed over the period 13 February to 30 October 1995 while the lower 
section was sunk between 1 and 16 November 1995. Construction of the upper section 
of the shaft was not continuous; significant periods of between one and two months 
when no excavation was carried out included 15 February to 21 March, 25 March to 25 
April, 26 May to 31 July, and from 25 August to 29 October, all 1995. Excavation of the 
lower section was undertaken on a 24-hours, two-shift, five-days-a-week basis. 
This shaft subsequently acted as a compensation grouting facility, enabling 
ground treatment implementation adjacent to London Bridge surface railway station. 
6.2.14 Temporary Works Grouting Adit 
To complete the rectangular TAM arrangement employed at London Bridge (see 
Sub-section 6.3.2 below) the temporary works tunnel shown in Figure 6.33, was 
excavated in an easterly direction, beneath and approximately parallel to St Thomas 
Street. It was advanced from a break-out in the disused northbound City and South 
London Railway tunnel under Borough High Street. This shallow, approximately 67 m 
long, grouting adit comprised a total of 112 No. rings, of both PCC and SGI segments; 
adjacent to the break-out it had an internal diameter of 1.96 m, increasing to 3.05 m i.d 
within the compensation grouting gallery to the east. It was excavated by hand as a full-
face drive between 7 November and 20 December 1994. Excavation was on a 
continuous 24-hours, five-days-a-week basis, with a typical rate of progress of about 2.4 
m length of tunnel per day (i.e. 4 No. rings). Otherwise, there were no stoppages or 
interruptions to the works. The ground conditions encountered during construction were 
generally considered to be stable; no faulting or significant ingress of water was 
observed. 
On completion of ground treatment operations in early 1997, the adit and 
associated TAMs were backfilled to facilitate construction of the adjacent western 
escalator shaft (see Sub-section 6.2.3). 
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6.3 Ground treatment 
The protective measures implemented at London Bridge during the JLEP, which 
are shown in Figures 6.34 and 6.35, largely comprised the permeation grouting of the 
near-surface Terrace Gravels, and compensation grouting within the underlying London 
Clay Formation. Various structural protective measures were implemented to specific 
buildings, including some of the case history structures, at London Bridge. Further 
details of these measures are given in the appropriate sections of Chapter 8. 
6.3.1 Permeation Grouting 
As shown in Figure 6.34, with the exception of the JLE/NL interchange passage 
and the eastern ventilation shaft, permeation grouting of the surficial soil was undertaken 
in the vicinity of all the shafts and declines formed during the construction of the JLE 
London Bridge underground station. The aim of this ground treatment was to reduce the 
permeability of the ground concerned, primarily the Terrace Gravels, as well as 
increasing its strength. These improvements would make subsequent excavation 
through these strata less problematic; the soils being less susceptible to ravelling and 
the adverse effects of groundwater inflows; construction would proceed under effectively 
Wry'conditions. The upper limit of ground treatment was specified as the water table, 
which was determined by trial pitting during preliminary site investigations at the start of 
construction. An important secondary effect of such ground treatment is that fully 
treated gravels are relatively stiff and the corresponding volume losses produced on 
excavation are very much lower than in other media. This is particularly important as 
tunnels formed through the Terrace Gravels are invariably at shallow depths and 
potentially associated with large settlements and distortions. 
Two grout mixes were used during these ground treatment operations. Firstly, a 
cement-bentonite grout, comprising a mix of 3% bentonite, 32% cement and 65% water, 
was injected to fill large pore spaces in the gravel and form the treatment boundaries. 
Following this, a silicate grout - consisting of a 53% silicate and 42% water mix with 5% 
reagent - was injected until the pressure reached 6-8 bar. The maximum amount of 
grout injected through each port during these ground treatment operations was 185 
litres. All permeation grouting boreholes were drilled approximately one metre beyond 
the Terrace Gravel/London Clay interface. Various obstructions - such as brickwork, 
concrete and steel - were encountered during drilling operations, and in some cases 
their presence resulted in the borehole being abandoned and alternative holes drilled. 
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Where this proved unsuccessful, the amount of grout injected from adjacent TAMs was 
increased to compensate for the reduction in areal coverage. 
6.3.1.1 Western Escalator Shaft 
As shown in Figure 6.34, the ground to be excavated to form the western 
escalator shaft beneath St Thomas Street, and the approximately 2.5 m annulus around 
It, was subject to permeation grouting in advance of the tunnelling works between 
October 1995 and February 1996. 125 No. boreholes were drilled downwards in a 
generally easterly direction, at about 30° to the horizontal, in a radial configuration, from 
the reinforced concrete headwall of the Borough High Street Ticket Hall, towards the 
interface between the Terrace Gravels and the London Clay. TAM installation took 
place in two phases; 105 No. boreholes were drilled in Phase 1, between 30 October 
and 20 December 1995, with the remaining 20 No. boreholes being sunk in Phase 2, 
between 23 January and 9 February 1996. The TAMs were up to 17 m in length; a 
maximum length of 15 m of the Thames Terrace Gravels was subject to ground 
treatment. 
As with TAM installation, grout injection was undertaken in two phases. Phase 1, 
which comprised the injection of approximately 357 m^ of grout, was carried out on 20 
and 21 December 1995, and between 3 and 23 January 1996. Grout re-injections 
through these TAMs took place from 15 to 24 January 1996, towards the end of the 
Phase 1 injection cycle, and resulted in about a further 36 m® of grout being injected into 
the ground. During Phase 2, which took place between 8 and 15 February 1996, 
approximately 83 m^ of grout was injected into the ground in the vicinity of the escalator 
shaft. There were no subsequent re-injections following this phase of the ground 
treatment operations. In a limited number of cases, grout was observed 'surfacing'in St 
Thomas Street. Overall, about 476 m^of grout was injected into the surficial soils in the 
vicinity of the escalator shaft. 
6.3.1.2 Western Ventilation Shaft 
278 No. TAMs, arranged essentially in a 7.5m wide annulus around the perimeter 
of the upper, contiguous bored pile box section of the shaft, which is shown in Figure 
6.16, were installed to facilitate the permeation grouting ground treatment works to the 
western ventilation shaft. Due to the close proximity of the basement car park of New 
London Bridge House, both TAM installation and subsequent grout injection were 
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undertaken as phased operations; Phase I was carried out adjacent to the perimeter of 
the shaft while Phase II was conducted from within the upper box section of the shaft 
itself. 
In Phase I, 208 No. TAMs were installed to depths of up to 20 m. This phase of 
the permeation grouting ground treatment operations, which was concentrated on those 
areas adjacent to the western, southern and eastern faces of the shaft, was carried out 
during November and December 1994, in advance of shaft construction, when about 
750 m^ of grout was injected into the ground. Grout re-injections were subsequently 
made in December 1994, when a further 14 m® of grout was injected into the ground 
from a number of these TAMs. 
Phase II of the ground treatment works, which was concentrated in the area 
adjacent to the northern face of the shaft, was undertaken between October and 
November 1995 during construction of the upper section of the shaft, when in excess of 
175 m^ of grout was injected into the ground from the 70 No. TAMs in this zone. The 
Phase II TAMs were installed from within the piled box section at a rake of typically 30°, 
through the piles of the shaft box. 
6.3.1.3 Western Emergency Escape Shaft 
As shown in Figure 6.34, permeation grouting ground treatment was also carried 
out in the vicinity of the western emergency escape shaft, immediately adjacent to the 
western ventilation shaft. 98 No. TAMs were installed in an approximately triangular 
configuration within a 2.5 m wide zone around the perimeter of this rectangular shaft. 
The TAMs were installed during November and December 1995, reaching depths of the 
order of 10 m. Grout injection took place in December 1995 and January 1996, when in 
excess of 65 m® of grout was injected into the ground. Several TAMs were subject to re-
injection during December 1995. 
6.3.1.4 Eastern Escalator Shaft 
The ground to be excavated to form the eastern escalator shaft as well as the 
nominal 2.5 m annulus surrounding it, was strengthened and its permeability reduced by 
permeation grouting: the treatment area is shown in Figure 6.34. In excess of 300 No. 
TAMs were installed from ground/basement level, in a generally triangular configuration 
as part of these operations. TAM installation was undertaken in three phases: June 
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1994, October 1994 and July to September 1995. TAM lengths were typically of the 
order of 12 m and generally of vertical orientation although raking TAMs were installed 
around the perimeter of the treatment zone and where access was problematic. The 
corresponding treatment length was up to 12 m. 
Grout injection was also carried out over three phases: during June and July 
1994, from November 1994 until January 1995, and during August and September 1995. 
In all three cases initial injection was followed by re-injection: during June and July 1994, 
November and December 1994, and August and September 1995. Overall, in excess of 
725 m^ of grout was injected into the ground. 
Although in general the permeation grouting of the Thames Terrace Gravels was 
successful in the vicinity of the eastern escalator shaft (Field et al., 2000), ingress of 
water from the Terrace Gravels was continuous throughout excavation for the upper 
Inclined shaft of this escalator. Excavation of the crown of this shaft took place along an 
erosional contact between the Terrace Gravels and soft, weathered London Clay; these 
difficult tunnelling conditions necessitated the use of full-face timber support. Progress 
was slow as a result (see Section 6.2.9 above). 
6.3.1.5 Station Tunnel Cable Adit 
In addition to the permeation grouting works undertaken specifically to aid 
construction of the eastern escalator shaft, ground treatment was also performed in this 
area, as shown in Figure 6.34, to help subsequent construction of the station tunnel 
cable adit. A total of 41 No. TAMs, the majority of which were inclined, were installed 
within the footprint of the cable adit and the adjacent 2 m wide annulus. This work was 
carried out from within the vaults beneath London Bridge Street. Both TAM installation 
and subsequent grout injection were undertaken in two phases. 
Phase 1 comprised the installation of 19 No. TAMs within the bounds of the cable 
adit and the 2 m annulus around it, between 1 and 4 November 1994. They were of the 
order of 12 m in length, with a corresponding treatment length typically of 6 m. Grout 
injection followed in the early part of December 1994, when approximately 81 m^ of 
grout was injected into the ground. A limited number of TAMs were subject to re-
injection. 
Phase 2 consisted of the installation of 22 No. TAMs in a ring outside that initially 
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established for the Phase 1 operations. The majority of these TAMs were inclined 
towards the cable adit. Both the lengths and zones to be treated during Phase 2 were 
similar to those in Phase 1. The TAMs were installed in November and December 1995, 
and about 80 m® of grout was subsequently injected into the ground during the first half 
of December 1995. A number of the Phase 2 TAMs were also subject to re-injection. 
6.3.1.6 Temporary Works Grouting Shaft 
To facilitate compensation grouting ground treatment within the ground beneath 
the buildings between London Bridge and St Thomas Streets during the latter period of 
underground construction, a temporary works grouting shaft, Grout Shaft SN, which is 
shown in Figure 6.31, was sunk in the car parking area to the rear of Mary Sheridan 
House. In advance of shaft sinking, the Terrace Gravels in the vicinity were subject to 
permeation grouting ground treatment; the treatment area is shown in Figure 6.34. 
Between 24 October and 16 November 1995, 42 No. TAMs were installed, primarily 
within the annulus around the shaft. The majority of these TAMs were vertical in 
orientation and of the order of 12 m in length; the corresponding treatment zone was up 
to 10 m in length. Subsequent grout injection took place between 20 November and 1 
December 1995, with re-injections being carried out over the period 1 to 4 December 
1995. Approximately 192 m® of grout was injected into the ground during these works. 
6.3.1.7 Eastern Emergency Escape Shaft 
The annulus surrounding the eastern emergency escape shaft was subject to 
permeation grouting in advance of shaft sinking (see Figure 6.32). A total of 80 No. 
TAMs were installed in a triangular configuration at angles up to 45° to the horizontal, 
within the 2.5 m wide annulus around the proposed shaft. TAM installation and 
subsequent grout injection were both undertaken in two phases. The TAMs were 
installed during May and June, and September and October 1994, respectively, with 
subsequent grout injection during June and July, and November 1994, respectively. 
About 212 m^ of grout was injected into the ground during Phase 1, while approximately 
161 m® was injected into the ground during Phase 2. 
6.3.2. Compensation Grouting 
As shown in Figure 6.35, unlike most compensation grouting tube-a-manchette 
arrangements installed from beneath the ground surface, which are radial in 
configuration, emanating from shafts, the TAM layout ultimately adopted at London 
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Bridge was largely rectangular in nature. Although the sub-surface environment in the 
London Bridge area was already heavily congested with tunnels and other underground 
structures prior to construction of the JLE in the vicinity, including the Northern Line and 
abandoned City and South London tunnels beneath Borough High Street, as well as the 
Long Subway, an abandoned pedestrian passageway, under London Bridge Street, all 
of which imposed severe constraints on the JLEP tunnelling works, their presence also 
potentially provided ready-made facilities from which to implement the compensation 
grouting protective measures. The use of these existing underground structures did, 
however, have implications for the ground treatment works; the depth of cover between 
the TAMs and the underlying tunnel complex was typically reduced by about 2 m while 
the depth between the TAMs and London Clay/Terrace Gravels interface increased by 
an equivalent amount. The temporary works grouting adit in St Thomas Street 
completed the sub-surface infrastructure which facilitated such a rectangular 
compensation grouting TAM arrangement. 
A grouting compound/grout batching plant was established in St Thomas Street 
to service the compensation grouting facility; the transfer of grout from the surface to the 
grouting galleries below was facilitated by a large diameter borehole sunk in St Thomas 
Street; sub-horizontal boreholes were also drilled, to connect the various grouting adits, 
and enable the transfer of grout between these underground facilities. 
As shown in Figure 6.36, four TAM series were installed within the London Clay 
above the London Bridge underground station complex; the C-, E-, T- and V-Series. 
The 25 No. C-Series TAMs, which were located above the east- and westbound running 
tunnels, were installed from the abandoned northbound City and South London Railway 
tunnel beneath Borough High Street, between 20 September and 15 October 1994. In 
addition, seven TAMs were installed from this tunnel, immediately to the north of the C-
Series TAMs, adjacent to the western ventilation tunnel, in a fan-type arrangement - the 
E-Series (see Figure 6.36(b)). These TAMs, which were installed during the summer of 
1995, were used sparingly in comparison to those of the other TAM series. 
The T-Series TAMs, which are shown in Figures 6.36(c) & 6.36(d), emanate 
perpendicularly from both sides of the temporary works grouting adit beneath St Thomas 
Street. They were installed in two phases. The 39 No. Stage I TAMs were installed 
between 2 and 24 February 1995, while the 14 No. Stage II TAMs, whose coverage was 
restricted to the northern side of St Thomas Street, beneath the Southwark Cathedral 
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Chapter House and Collegiate House, were installed between 11 and 16 May 1996. The 
65 No. TAMs of the V-Series, which are shown in Figure 6.36(e), were situated above 
the station and concourse tunnels and provided the greatest coverage of the station 
complex. They were installed from the Long Subway between 19 December 1994 and 
16 February 1995. 
The C-Series TAMs were of the order of 25 m in length while the T- and E-Series 
TAMs ranged from 15 m to 30 m and 18 m to 25 m in length, respectively. The V-Series 
TAMs were up to 57 m in length. The TAMs were typically installed at a level of 
approximately 88 m.P.D., around about 6 m below the top of the London Clay and 
approximately 4 m above the crowns of the station tunnels (see Figure 6.37); the TAMs 
had a centre-to-centre spacing of approximately one metre. 
Conditioning of the TAMs, which comprised the injection of, nominally, 25 litres of 
grout through a port during each pass, preceded the grouting works proper. It was 
defined by the specialist ground treatment works sub-contractor as the observation of 
'an average upward movement of 2-3 mm as a minimum, maximum movement 5 mm'. 
For both the conditioning phase and the grouting works proper, the grouting sequence 
was such that injections commenced at the most distant port on the TAM, returning to 
the head of the TAM as grouting progressed. The C-Series TAMs were conditioned 
over three passes between 21 December 1994 and 2 March 1995, while the E-Series 
TAMs were conditioned over the period 25 to 31 July 1995. The Stage 1 T-Series TAMs 
were conditioned in three stages; the even numbered TAMs to the south of St Thomas 
Street were conditioned between 24 and 28 February 1995; the corresponding odd-
numbered TAMs were subsequently conditioned on 7 and 8 March 1995; the TAMs to 
the north of St Thomas Street were conditioned between 15 and 26 May 1995. The 
Stage II T-Series TAMs were conditioned in one phase between 11 and 16 May 1996. 
The V-Series TAMs on London Bridge Street were conditioned over three passes (each 
comprising several phases) between 2 May and 22 June 1995. During these pre-
treatment phases some 16.5, 3.5, 24, 11 and 69.5 m® of grout respectively, were 
injected into the ground through the ports of the various TAM Series. 
In general during the compensation grouting works proper at London Bridge, a 
constant volume of grout, usually 30 litres per port, was injected through each grout port 
during a grouting episode. The number of ports subject to injection was varied to give 
what was termed a quarter, half or full pass. A quarter pass comprised grout injections 
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made through every fourth port along the TAM.; a half pass consisted of grout injections 
through every second port along the TAM; and a full pass comprised grout injections 
made through every port along the TAM. In practice, only quarter and half passes were 
implemented at London Bridge during underground construction; in some instances half 
and quarter passes were specified along a particular TAM concurrently. The rectangular 
configuration of the grouting facility made this system relatively straightforward to 
administer. Compensation grouting works proper were undertaken between February 
1995 and February 1997. 
In response to concerns about the stability of the excavation face(s) and any 
unsupported lengths of tunnel during compensation grouting operations, when grout is 
being injected at relatively high pressure, of the order of 40 bar, close to the tunnel 
crown, an exclusion zone, details of which are shown in Figure 6.38, was incorporated 
into the tunnelling works. The injection of grout was not permitted within this zone, 
which encompassed both sides of, and advanced with, the tunnel excavation face. One 
of the effects of distancing the compensation grouting operations from the tunnelling 
works and any unsupported excavation faces, was to partly negate the benefits of the 
process as a protective measure. 
As the tunnelling works progressed, particularly the shafts and declines, many of 
the TAMs were intersected and rendered inoperable. In such cases, for example the 
temporary works grouting adit and associated TAMs in the vicinity of the western 
escalator shaft beneath St Thomas Street, the facilities were backfilled in advance of 
subsequent underground construction. Compensation grouting ground treatment works 
largely ceased in August 1996; many of the TAMs were to be lost soon thereafter on 
intersection by high level tunnels and shafts. The close proximity of these works to the 
TAMs that would then remain, and the feasibility of inducing relatively widespread 
movement with such a reduced TAM layout hastened termination. 
6.4 Northern Line Works 
Of the various underground works undertaken as part of the contemporaneous 
improvements to the Northern Line, the escalator shaft linking the Borough High Street 
Ticket Hall to the new station concourse, and associated intermediate concourse tunnel, 
had the greatest influence on the behaviour of the buildings under consideration in this 
thesis. The 3.0 m i.d. Persons With Disabilities lift shaft and connecting passageway 
were too distant to significantly influence any of the case history buildings. 
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6.4.1 Borough High Street Southern Escalator Shaft 
The 8.25 m i.d. southern escalator shaft, which is shown in Figure 6.39, links the 
Borough High Street Ticket Hall with the Northern Line station concourse tunnel below. 
The approximately 33 m long escalator shaft was advanced by hand as a full-face 
excavation, in a generally downward, northerly direction, at an angle of approximately 
30- to the horizontal, from the Borough High Street Ticket Hall, between 8 October 1996 
and 14 May 1997. Excavation was halted on numerous occasions. When in progress, 
excavation was largely continuous on a 24-hours, two-shift, seven-days-a-week basis. 
Rings, nos. 1-3, were constructed between 8 and 28 October 1996; these rings 
had to be built in 'thin air'as the Borough High Street Ticket Hall headwall had not then 
been completed. There then followed a pause in shaft excavation until 14 December 
1996, to enable this headwall to be built. Ring No.4 was constructed before the 
Christmas shutdown, with rings, nos. 5-8 being built between 5 and 14 January 1997. 
Progress was then halted until 31 January 1997, to allow construction of the spoil 
disposal monorail; rings, nos. 9-31, were then constructed before a further cessation of 
the works occurred on 7 March 1997 due to concerns about heavy metal contamination. 
Excavation resumed on 22 March 1997, rings, nos. 32-34 being built before the Easter 
holiday on 26 March 1997. Rings, nos. 35-50, were constructed on resumption of work, 
before tunnelling again ceased on 27 April 1997. The final four rings were built between 
6 and 14 May 1997. A total of fifty-four rings were erected during these works; the first 
twenty rings encountered treated Terrace Gravel deposits along an erosional contact 
with the weathered London Clay while excavation for the remaining rings took place 
wholly within the London Clay Formation. The incremental advance length for this shaft 
was generally 0.6 m (i.e. 1 No. tunnel ring) while the overall excavation rate was 
typically about 0.3 m length of tunnel per day (i.e. 1 No. tunnel ring completed every two 
days). 
This escalator shaft connects into the 7.7 m i.d. intermediate concourse tunnel. 
With the construction of the new southbound station tunnel, the existing station tunnel 
became the new concourse tunnel. A length of tunnel was required to connect it to the 
southern escalator shaft: the intermediate concourse tunnel. It is located beneath the 
junction of Borough High Street and London Bridge Street. This 30 m long tunnel, 
comprising 50 No. rings, was excavated between May 1997 and January 1998, including 
an approximately four-month break between 8 June and 13 October 1997. The first 
twelve rings of this tunnel, adjacent to the southern escalator shaft, were constructed 
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during May and June 1997; the next twenty-seven rings, including the 8.75 m i.d. PWD 
junction enlargement, were excavated between 14 October and 1 December 1997. The 
remaining eleven rings were constructed during January 1998. Excavation was by hand 
and proceeded as a full-face excavation. 
6.4.2 Ground Treatment 
As shown in Figure 6.34, the ground to be excavated to form the southern 
escalator shaft beneath Borough High Street, and the approximately 2.5 m wide annulus 
around it, was subject to permeation grouting in advance of the tunnelling works. 
Approximately 511 m^ of grout was injected into the ground from the 119 No. boreholes, 
which were arranged in a radial configuration around the axis of the shaft, in January 
and February 1996; a limited amount of re-injection was undertaken during these ground 
treatment operations. The maximum amount of grout injected through each port during 
these works was 185 litres. In a limited number of cases, grout was observed 'surfacing' 
and injection quantities restricted. The TAMs, which were up to 20 m in length, were 
drilled from working level in the Borough High Street Ticket Hall in a downwards 
direction towards the interface between the Terrace Gravels and the London Clay; the 
holes were drilled about one metre beyond this interface. The TAMs were inclined at 
angles up to a maximum of 60° to the horizontal. This treatment resulted in little water 
ingress during subsequent decline construction, with only minor seepages being 
encountered from the Terrace Gravels. 
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Chapter 7 -
Instrumentation and 
monitoring 
This chapter describes the instrumentation and monitoring techniques used to 
quantify the response of the various case history buildings to the tunnelling-induced 
ground subsidence and grout-induced heave. Each type of instrumentation used is 
described, and the particular monitoring procedures adopted detailed. In addressing 
monitoring performance, specific errors and their relative magnitudes, where these can 
be quantified, are given together with a discussion of the methods by which these errors 
are considered in the subsequent data processing and analysis. 
7.1 Introduction 
The data presented in this thesis are based upon field measurements made both 
by research personnel, including the author, and by contractors working on the JLEP. In 
terms of accuracy the data can be split into two groups: the research team and the 
contractor. Measurements were made using instrumentation installed within both the 
case history buildings and the vicinity, to determine the movements of these points in 
relation to the contemporaneous construction activities. In all the building case histories 
presented in this thesis the primary quantity being determined was vertical displacement. 
Facade monitoring and crack measurements were also made for several of the buildings 
under investigation to provide further information about their modes of deformation. 
Additionally, beam electrolevel systems were used by the specialist ground treatment 
sub-contractor to monitor the effects of compensation grouting in real time. Table 7.1 
summarises the monitoring carried out for each building under consideration. 
No matter what instrumentation and measuring techniques are employed there 
are several common factors which must be taken into account to ensure a satisfactory 
outcome. Firstly, careful consideration should be given to the layout of the monitoring 
points. The monitoring points should be distributed such that they provide information to 
the required level of detail. Particular emphasis should be put on obtaining good quality 
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data. 
7.2 Error and uncertainty 
Every measurement made, no matter the sophistication of the instrumentation 
being used, will involve error and uncertainty. Table 7.2 defines those terms used in 
geotechnical instrumentation and monitoring commonly associated with uncertainty, 
while Table 7.3 summarises the various types of error which can occur and their 
possible cause. 
Before any analysis or interpretation was undertaken, the data included in this 
thesis were carefully assessed to eliminate, as far as possible, the types of error detailed 
in Table 7.3. However, it should be noted that even after this exercise variation in the 
data will remain as a result of random error, which is the influence of the errors and 
uncertainties previously described. This variation is representative of the precision of 
the measurements in general. 
It is difficult to assign an overall accuracy to a monitoring system as it can vary 
from case to case. For the case history buildings considered in this thesis the accuracy 
of a particular monitoring system is assessed on a case by case basis and discussed in 
context with the corresponding building behaviour. 
7.3 Surface Instrumentation 
Several techniques were adopted when monitoring the response of the various 
buildings to the tunnelling-induced ground subsidence and grout-induced heave, namely 
(a) Precision levelling; 
(b) Total station surveying; 
(c) Crack monitoring; 
(d) Electrolevel beams, and 
(e) Tensioned wire transducers 
These techniques are now discussed in turn. 
7.3.1 Precision levelling 
Precise levelling of a series of monitoring points can be undertaken for most 
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types of structure. It involves the measurement of the level of each point relative to a 
reference datum to sub-millimetre accuracy. Precision levelling at ground level was the 
most common form of monitoring employed on the JLEP, the monitoring points being 
typically between 300 and 600 mm above the ground surface. The measurement of 
such vertical movements is usually a good indicator of the extent to which other 
deformations may occur within a building. In addition, precision levelling can be 
performed elsewhere within buildings, for example the basement, to help define any 
relative differences in deformation between various levels. 
7.3.1.1 Equipment 
To undertake precision levelling, a minimum five components is required, namely 
(a) Tripod and level; 
(b) Staff, accurately graduated and insensitive to changes In both 
temperature and moisture; 
(c) Monitoring sockets and caps; 
(d) Levelling plug and change plate; 
(e) Stable reference benchmarks. 
The research team used a digital level, the NA 3003, manufactured by Leica of 
Switzerland. This instrument can measure the height of the plane of colllmatlon on a 
bar-coded staff to a resolution of 0.01 mm. The principle of measurement Is based on 
the Image processing of the coded measurement signal obtained from the staff as seen 
through the telescope. A microprocessor in the level calculates the staff reading from 
the received signal. All readings can be stored on a recording module for subsequent 
processing. Although the instrument can measure to a resolution of 0.01 mm, readings 
are only stored to a resolution of 0.1 mm on the REC module. This latter resolution may 
be a more realistic assessment of the instrument's capabilities based on the 
manufacturer's experience. 
The digital level was mounted on a wooden tripod, which provided a rigid and 
secure platform for subsequent levelling; such tripods were also used in the total station 
surveying (see Sub-section 7.3.2 below). Wood remains the preferred material for 
tripods as it is both robust and temperature-insensitive. Stability of the tripod Is very 
important: its feet were well-trodden in as much as possible. The tripod's telescopic legs 
enable the instrument to be set up on uneven or sloping surfaces, for example 
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stairways. 
Two levelling staffs were used by the research team; a conventional 2-m long 
staff and a shorter 0.8-m long staff, both manufactured by NEDO. The latter staff was 
used in situations where there was restricted headroom. Both staffs had a bar-coded 
invar strip, the use of which, in conjunction with the light-sensing device within the 
NA3003 digital level, eliminates parallax errors introduced by incorrect adjustment of the 
eyepiece. Adjustable bull's-eye levels were fitted to the backs of each staff to enable 
them to be held in the vertical position, when measurements were being taken. The 
rust-protected steel base plate of each staff was level to within ±0.02 mm. 
The type of monitoring socket and plug used during precision levelling has an 
important influence on the accuracy of the readings subsequently obtained. The 
monitoring socket and levelling plug must allow accurate and repeatable staff 
positioning, and must not be susceptible to accidental damage or vandalism. Longevity 
and aesthetic acceptability are other important facets. The research team used the 
miniaturised version of the monitoring socket and levelling plug arrangement shown in 
Figure 7.1, which was devised by the BRE. Both components are made from stainless 
steel, and have similar dimensions; being approximately 22 mm in diameter and 65 mm 
in length. 
Each component has a machined flat bearing surface normal to the axis of 
symmetry of the combined unit. The plug has a centralising spigot, but its male thread is 
a loose fit within the female thread of the socket. The ball-ended levelling plug is pulled 
into place by the loose fit thread, while its radial position is controlled by the precisely 
machined spigot. As the levelling plug is screwed into the socket, mating machined 
faces are pulled together such that the two components are coaxial. In this way the 
levelling plug returns to approximately the same position each time it is screwed into the 
socket, typically to within 0.1 mm in both the horizontal and vertical senses. In most 
circumstances, the plug can be tightened firmly by hand. Normally, a single levelling 
plug is used during precision levelling, the same plug being screwed into/unscrewed 
from each monitoring socket as surveying progresses. Perspex caps are screwed into 
each monitoring socket on completion of precision levelling, to keep them free of 
detritus. The machined surfaces of each levelling socket must be kept clean to enable 
the plug to be re-positioned in exactly the same manner during each survey. The 
external face of this cap is manufactured such that it is flush with the building facade into 
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which the socket has been installed. It is usually transparent so that it reflects the colour 
of the facade/finish of the building, being barely visible from a few metres distance, thus 
overcoming aesthetic objections to the installation of such survey stations within the 
building facade. The manufacturer's quoted positioning precision for a standard BRE 
socket and levelling plug is of the order of 0.1 mm, assuming that the recommended 
monitoring practices have been employed. 
The monitoring sockets were installed in horizontal, pre-drilled 38 mm diameter, 
75 mm deep holes, and grouted in place using a strong mortar mix of 1:2% parts 
Ordinary Portland Cement:sand. Prior to installation each socket was de-greased using 
solvent. As far as possible the sockets were installed in the brick/masonry of the 
building facade, rather than in the mortar between such elements, where a socket is 
more likely to become loose as building movement progresses and inter-brick movement 
occurs (Cheney, 1974). In some cases, however, this was not possible as agreement 
had to be reached with building owners over the specific locations of the monitoring 
sockets. The BRE sockets only need to be approximately horizontal as the ball end of 
the levelling plug upon which the staff will subsequently rest during surveying can 
accommodate off-level installation. 
The JLEP Contractor at London Bridge, the CTW JV used either the Leica NA 
3003 digital level, or the optical WILD NA2 with parallel plate micrometer, during 
precision levelling; a 2 m long staff with bar-coded invar strip was used throughout. Site 
conditions governed the choice of instrument. As shown in Figure 7.2, the monitoring 
sockets used, consisted of a 40 mm long, 10 mm diameter expanding section, grouted 
into the buildings under consideration. The levelling plug employed consisted of a 
removable bolt and conical brass head. The use of such a socket and bolt arrangement 
relies on the plug being screwed as tightly as possible into the socket during each 
survey. This reliance introduces an additional element of operator dependency into the 
accuracy of the monitoring results subsequently obtained. The majority of the levelling 
bolts were left in place during the monitoring period, including most of those points 
considered in this thesis, thus limiting this influence in the monitoring data subsequently 
obtained. The monitoring sockets were installed in mortar 'wherever possible to 
ensure that no damage was caused to the property facades'. 
The repeatability of affixing the levelling plug to the above type of socket was 
assessed retrospectively, by the research team. Numerous readings were made, 
-147-
Chapter 7: Instrumentation and monitoring 
removing and repositioning the plug on each occasion. The typical variability between 
different individuals screwing the levelling plug into the socket was assessed. These 
tests revealed that in the worst case there could be a difference in reading of typically 
±0.2 mm. To prevent poor results due to 'staffman fatigue', the routine practice adopted 
by the contractors on the JLEP, and also by the research team, involved the instrument 
operator ensuring that the staffman was only called upon to maintain the staff in the 
Veve/Z/ng'position for a minimal period during surveying (Cheney, 1974). 
It is important that precision levelling is tied-in to a stable datum outside the zone 
of influence of any construction activity likely to cause building movement. Ideally, this 
should be a deep datum, for example a rod extensometer with an anchor installed to a 
depth well below any zone of influence. On the JLEP, the precision levelling was verified 
through periodically extending the surveys to datums on 'unaffected' ground. 
At London Bridge a network of control points was maintained throughout the 
construction works and a programme to check and adjust values as necessary was 
implemented (Glennie and Parker-Fell, 1997). The network was initiated using a 
number of Primary Stations, which had been issued to the CTW JV by the JLEP, and 
formed the basis of survey control for the whole of the JLEP. The primary control 
stations were located outside the main zone of influence of the underground 
construction works. From this a series of inter-connecting second-order stations were 
created adjacent to the areas being monitored. Given the complexity of the construction 
activities at London Bridge it was not possible to locate these second-order stations 
outwith the zone of influence of the works and thus an intensive programme of checking 
and adjustment of these control stations was implemented. One team of surveyors was 
dedicated to this task with a revised set of levels for the control points being issued 
about every four weeks throughout the construction period. In contrast to most 
conventional underground tunnel construction projects where monitoring usually follows 
an advancing tunnel face, creating an elongated monitoring zone, with levelling being 
concentrated immediately in front of the excavation face, at the face and for some 
distance behind until settlement ceases, the concentration of construction activities at 
London Bridge dictated more of a rectangular monitoring zone. No one area was free of 
construction activity for any length of time. 
The monitoring points were located around the particular structures under 
consideration at spacings that was considered to provide adequate coverage of the 
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buildings, consistent witli ttieir structural form as well as reflecting the expected nature of 
building deformation, i.e. monitoring points being at closer spacings in areas where large 
movements were anticipated. 
7.3.1.2 Procedure 
In general the procedures described in BRE Digest 386 were adopted by both 
the research team and the various contractors on the JLEP during precision levelling 
operations. In particular, great efforts were made to adopt, as far as was practicable, a 
set procedure for each survey, setting up the instrument at the same places, levelling 
the monitoring points in the same sequence and using monitoring points as change 
points wherever possible during each particular survey. For some case history 
buildings, however, it was not possible to maintain a consistent survey traverse 
throughout the monitoring period. This was due in part to the progression of the 
underground works. 
When monitoring points were used as change points in an initial survey every 
effort was made to ensure that these same monitoring points were used as change 
points in all subsequent surveys. Where it was not possible to use monitoring points as 
change points during a traverse, a well-trodden-in, heavy-duty survey change plate was 
employed. Backsight and foresight distances were equalised wherever possible to 
minimise collimation errors, and levelling sights generally did not exceed 25 m. 
All surveys were closed by returning to the initial monitoring point and a check 
being made on the closure of the traverse. In general, the research team achieved 
closing errors of less than 0.5 mm. In some cases, however, under adverse surveying 
conditions, larger errors had to be accepted. The frequency of surveying was 
dependent upon the on-going construction activities in the vicinity of the particular 
building under consideration; as construction activity increased so did survey frequency. 
At times the accuracy of the survey traverse may have been affected by the tunnelling 
works in progress during the traverse. 
7.3.1.3 Measurement accuracy 
For the Leica NA3003 digital level, the manufacturer quotes a standard deviation 
for measurement of 0.4 mm for a 1 km run using the NA3003, and a staff with a bar-
coded invar strip. The NA3003 digital level has a systematic collimation error associated 
with the line of sight not being perfectly horizontal (i.e. perpendicular to the standing 
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axis). Tliis was assessed periodically during the monitoring period by performing a 2-
peg collimation test, and adjusting the level accordingly. The potential influence of such 
errors was minimised by maintaining, as far as possible, consistent survey traverses and 
similar backsight and foresight lengths. 
As noted in Sub-section 7.3.1.1, individual measurements were made with the 
digital level to a resolution of 0.01 mm but the value actually stored and used in the 
continuation of levelling was resolved to only 0.1 mm. During levelling, the average of 
three individual measurements, which were generally within 0.02 mm of each other, 
were taken. As also noted above, the precision levelling socket and plug used by the 
CTWJV was less accurate than the BRE-type arrangement employed by the research 
team. The scatter of data was typically twice that obtained by the research team. 
Even if a consistent monitoring procedure is followed and the same equipment 
used throughout, the absolute field accuracy is also influenced by random environmental 
factors, including direct sunlight, gusting wind, traffic fumes and associated shimmer, 
and heat haze. Weather conditions can have a significant influence on the quality of 
data subsequently obtained. They can affect not only the instrument and the tripod 
supporting it but also those taking the measurements. The ideal weather for surveying 
is mild, overcast conditions with a slight breeze (Cheney, 1974). The instrument should 
be allowed to acclimatise to the prevailing weather conditions before commencing each 
survey, a period of 15 minutes is usually sufficient for this purpose, and should be 
protected from direct sunlight. 
Gusting wind was a particular problem at London Bridge, which was 
compounded by the disturbance caused by traffic vibration and construction activities. 
Traffic fumes and associated shimmer were particular problems encountered during total 
station surveying. To mitigate for those affects due to vehicular and pedestrian 
movement, which can cause considerable variations in the accuracy of readings from 
optical observation, made with sensitive instruments, the measurements were taken, 
wherever possible, during quiet periods, e.g. early morning. The weather conditions and 
any particularly relevant environmental constraints that were encountered during survey 
traverses were recorded by the research team, and allowance made for these factors 
during subsequent analysis and interpretation of the data, less reliance being placed on 
data obtained under adverse conditions. 
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The nature and configuration of the survey traverse can have a significant 
influence on the accuracy of the results obtained. Significant ascents/descents during a 
traverse, for example surveying up and down flights of stairs as was required during 
each traverse at New City Court, London Bridge, will, by their very nature, introduce the 
potential for large closing errors. Such potential for error can be offset by the careful 
configuration of the survey, the judicious use of inner and outer loops to the traverse and 
continuous checking of the data during the progression of the traverse. 
The closing error (i.e. the difference between the measurement to the first 
monitoring point at the beginning and end of each traverse) achieved by the research 
team was generally less than 0.5 mm. This error, which sums the effects of the various 
potential sources of error over the length of the survey, is considered to be 
representative of the general accuracy of measurement for the entire survey, as the 
source of the closing error and its occurrence within the survey is not easily determined. 
During underground construction at London Bridge, the CTW JV reviewed their surveys 
on a daily basis, with re-surveys being instructed if the data were considered to be 
spurious. 
7.3.1.4 Data reduction 
Before construction-induced building movement can be quantified a set of base 
levels for the monitoring points must be established. These base levels should reflect 
seasonal variations and be the result of a number of surveys made prior to construction 
works commencing. On the JLEP, as long a period as possible was allowed to establish 
background thermal and seasonal changes for each contract. This facilitated the 
subsequent interpretation of the data obtained during construction, isolating these 
movements from those due to the construction activities. Their magnitude and 
distribution depend upon amongst other things monitoring socket location, the nature of 
the structure, its construction and foundations. 
Once an average base level, L ,^ had been established, any data adjudged to 
have been affected by gross errors having been removed, vertical displacements, w, 
were calculated relative to a local datum from the measured level, L 
w = L-L„ (7.1) 
The need for corrections to the data was assessed both globally and on an 
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individual case history basis. 
7.3.1.5 Precision Level Monitoring Point Locations 
In excess of 2000 precision level monitoring points were installed at London 
Bridge as part of the JLE Contract 104 works. The locations of only about half of these 
points have been established with any certainty during this research project. The 
corresponding monitoring points above the main station layout are shown in Figure 7.3. 
The locations were determined through a combination of retrospective site inspection, 
reviews of available monitoring point location plans and coordinate details recovered in 
archival documents and digital data. The coordinates were subsequently used to 
evaluate the corresponding span lengths between adjacent monitoring points, which 
were then employed in the determination of building-specific deformation parameters. 
Towards the end of the research programme, the Spring of 2004, it became 
apparent that there was considerable uncertainty over the validity of the coordinates 
established for the precision level monitoring points (Harris, 2004). Representatives for 
the CTW JV confirmed that the coordinates had not been determined by the main 
contractor. During underground construction the monitoring data had been presented 
visually by annotating base layout drawings. The locations of the various monitoring 
points had been located on these drawings by visual reference to known surface 
features. The coordinates obtained by the research team were determined by 'others) 
the identity of this party remains unknown. 
By the time the research team became aware of this uncertainty, corrective 
action was limited. Many of the precision level monitoring points were no longer insitu, 
several building refurbishments having taken place in the interim since the completion of 
underground construction. In addition, much of the site was considered to be of a 
sensitive nature by the JLEP/LUL, as a number of claims by third parties remained 
outstanding. As a remedial measure, retrospective taping between the remaining 
adjacent monitoring sockets was undertaken by the author. 
The taping revealed discrepancies of up to 0.5 m between the calculated and 
taped span lengths, for spans of less than 5 m in length. For spans in excess of 5 m in 
length, errors of up to 1 m were recorded. Some gross positioning errors were also 
noted. The impact of these discrepancies is of particular importance in relation to 
deformation parameter determination, where a maximum error of the order of ±0.1 m in 
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span length is considered acceptable. With regard to overall surface settlement 
development, the discrepancies are generally of less significance. Only gross errors 
have an impact on this aspect of surface settlement behaviour. 
Sensitivity analyses were undertaken to investigate the effect of a difference 
between the measured and coordinate-deduced span lengths of adjacent precision level 
monitoring points on the corresponding deflection ratio (i.e. ±0.5 m of the measured 
length). Inferred span lengths both greater and less than the actual were considered for 
a number of nominal span lengths (5,10,15, 20 and 25 m) and relative deflections (1 
and 5 mm) respectively. The results of these analyses are summarised in Figure 7.4. 
The responses of most of the case history buildings at London Bridge are 
relatively stiff, i.e. the actual values of deflection ratios are relatively small (see Chapters 
10 and 11), plotting below 0.05%, the threshold between damage categories 0 and 1, 
negligible and very slight. As shown in Figure 7.4, within this range of deflection ratios, 
the variation between those evaluated using actual and inferred values for span length is 
small. In general, the deflection ratios for each nominal span length cluster together. 
The exceptions are those for the 5 m span length, where differences of 0.5 and 1 m 
between actual and inferred lengths have a relatively significant effect on the 
subsequent value of the deflection ratio. Such span lengths, however, are unrealistic for 
the cases examined at London Bridge, particularly given the spacing of precision level 
monitoring sockets. 
Thus, although there is a lack of accuracy with respect to the locations of the 
precision level monitoring points, this inaccuracy does not affect the overall conclusions 
that may be drawn with regard to distortion. Nor does it prevent extrapolation between 
facades to ascertain the overall nature of the respective response (see Sub-section 
10.2.1.3 of Chapter 10 for an example). 
7.3.2 Facade monitoring 
Total station surveying techniques enabled three-dimensional movements of the 
facades of several of the case history buildings to be assessed. Although a simple 
concept, the instrument used to make the measurements is very sophisticated and 
before the data obtained can subsequently be used in the interpretation of building 
response a significant amount of post-processing is necessary. Nevertheless, 
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movements in three dimensions relative to a local coordinate axis system and set of 
base readings, can be obtained from a single set of observations relatively quickly. In 
recent times, the further automation of such total stations has resulted in enhanced 
capabilities with regard to both the frequency and post-processing of measurements. 
7.3.2.1 Equipment 
To undertake total station surveying, a minimum of four components are 
required, namely 
(a) Total station and tripod; 
(b) Tripod-mounted reflector; 
(c) Retro-reflective targets, and 
(d) Stable reference stations. 
For most of the surveying work the research team used a Leica TC2002 
precision total station, which is a high precision coaxial electronic theodolite with 
integrated electronic distance measurement and digital data acquisition capabilities. A 
less accurate Leica TC1610 was used for a short period during the monitoring. This 
instrument resolves to 1 arc second and 1 mm for angles and distances respectively. 
A tripod-mounted reflector (also known as a 'cube-corner prism) was used to 
coordinate the reference stations relative to each other. Horizontal and vertical angles 
were measured employing this reflector; for distance measurement, the prism returns 
transmitted waves from the EDM back precisely in the same direction as they are 
received. 
The building facade targets comprised retro-reflective prisms mounted on plastic 
square laminate with cross-lines marked on them. These targets were affixed to newly 
clean (ideally smooth and flat) surfaces on a facade using a silicon sealant. Two sizes 
were used: (60x60) mm on the upper floors of buildings or far-off points and (40x40) 
mm on those closer positions. Using these targets, distances and angles could be 
measured by the total station. The targets were located to give good overall coverage of 
the building facade under study whilst at the same time concentrating on those areas 
most likely to be affected by the construction works. 
Datum points were affixed to structures outside the zone of influence of the JLEP 
construction activities to provide a frame of reference for the subsequent angle and 
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distance measurements. They were installed at the same time as the retro-reflective 
targets were attached to the facades, and were assumed to be stationary during all 
subsequent monitoring. 
7.3.2.2 Procedure 
IVleasurements were made to the targets from survey stations at ground level 
opposite the facade. Survey station positions were carefully selected to maximise the 
number of targets that could be seen from each location. A level of redundancy was 
built in to the observations as this considerably increases the confidence one has with 
the measurements. There were cases when the angle of the instrument to the target 
became too oblique and it was not possible to measure distance. In such cases it is 
essential that angle measurements are made from two stations to the target under 
consideration. 
The positions of the survey stations were coordinated at the start of each survey 
using the 'stationary' reference targets. The stations were also coordinated in relation to 
each other using the tripod-mounted reflector centred over the nail at the particular 
survey station location under consideration; coordinating between stations further 
improves the accuracy of measurements. After a number of initial base readings, base 
lines were established between stations and reference points. 
Angle measurements were made on both faces of the instrument to eliminate 
face errors, even though such errors can be eliminated automatically by the TC 2002 
total station. Taking measurements on both faces gives additional redundant readings, 
thereby increasing the accuracy of the monitoring. After all visible targets were 
surveyed from the survey station, the measurements to the reference targets were 
repeated. Measurements were then made in a similar manner from the remaining 
survey stations. 
7.3.2.3 Uncertainty and sources of error 
Distances can only be determined to points represented by retro-reflective 
targets. The accuracy that can be obtained depends upon the distance between the 
instrument and the point being measured and their relative positions. The 
manufacturers technical specification for the TC2002 suggests that it can measure 
angles (both horizontal and vertical) and distances to resolutions of 0.1 seconds of arc 
and 0.1 mm respectively. 
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Within the instrument, the relative arrangement of the two axes of rotation and 
the line-of-sight may result in systematic errors in angle measurements. In the ideal 
case, the line-of-sight should be exactly perpendicular to the tilting axis, and the tilting 
axis exactly perpendicular to the standing axis (see Figure 7.5). Deviations from these 
perpendiculars manifest themselves as horizontal collimation errors (or line-of-sight 
errors) and vertical collimation errors (or tilting-axis errors) respectively. The line-of-
sight error is, in most instances, quite small. It can be determined by measuring the 
horizontal angle reading on a clearly marked point (as close to the horizontal as 
possible), and then re-measuring the horizontal angle on the opposite face. The tilting-
axis error is best determined by measuring the vertical angle reading on a point near a 
zenith angle of 45° or 135°, and then re-measuring the angle on the opposite face. In 
both cases, the difference in measurement for the two instrument faces represents the 
tilting-axis error. 
The potential for collimation errors was addressed during the research 
programme by averaging the measured angles and distances for both faces. Adopting 
such a procedure also helps to identify gross errors and can reduce random errors in the 
measurements, thus providing a better statistical average. When the horizontal angles 
are calculated (as the difference between the two horizontal angle readings) the line-of-
sight error is minimised. 
Variations in atmospheric temperature and relative humidity affect the infra-red 
waves used to measure distances. The associated error may be estimated from a chart 
provided by the instrument manufacturer, which is presented in Figure 7.6 and shows 
the atmospheric correction as a function of ambient temperature for different relative 
humidities. The range in which the majority of monitoring was performed is also shown 
on this figure, indicating that a potential error of up to +1 ppm (in distance) could be 
realised for most surveys. For the relatively short distances measured during the facade 
monitoring the atmospheric corrections are probably less than 0.5 mm. Data is entered 
into the total station at the start of each survey to take account of atmospheric conditions 
(i.e. temperature and barometric pressure). Other environmental errors, for example 
those arising from local gusts of wind and adjacent heavy traffic causing instrument 
vibration, and the ambient temperature giving rise to heat haze, are uncorrectable for 
individual sights, although the closing error may, to some extent, help to quantify any 
overall error resulting. 
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A review of the data revealed some gross errors in monitoring point identification 
and measurement booking: where possible, such errors were corrected, otherwise the 
data was omitted from subsequent analysis and interpretation. The closing error (i.e. the 
difference between the measurements to the reference points at the beginning and end 
of each traverse) was generally less than 10 arc seconds for both horizontal and vertical 
angles, and less than 1 mm for distances. These errors are considered to be 
representative of the general accuracy of measurement for the entire survey, as the 
source of the closing error and its occurrence within the survey is not easily determined. 
This angular error equates to approximately 0.7 mm/20 m distance perpendicular to the 
line of sight. This value agrees well with the variation in three-dimensional coordinates 
of generally between ±1 mm and ± 2 mm, shown from actual field measurements. 
7.3.2.4 Analysis of measurements 
Analysis of total station data is based largely on the principles of triangulation 
and trilateration using angle and distance measurements relative to reference targets, 
which are located outwith the zone of influence of the underground works. Prior to 
processing the measurements it is necessary to establish a local coordinate system and 
determine the approximate position of all reference points relative to this local system. 
More exact positions can be calculated from several surveys undertaken before 
construction activity enters the zone of influence, to establish the initial coordinates for 
each reference point. These coordinates can also be determined from surveys 
performed later in the construction sequence to confirm that the reference targets were, 
indeed, stable relative to each other over longer time periods. 
The measurements were processed with the assistance of a computer program 
written by Mr S K Sharma (formerly of the Department of Civil Engineering, Imperial 
College). The programme adjusts all the observed values of horizontal and vertical 
angles and distances by the method of least squares. The programme uses redundant 
measurements taken during each survey to adjust the measured quantities to satisfy 
geometric criteria while minimising the adjustments made to the actual measurements. 
Relative weightings are assumed for measured angles (1 second) and distances 
(1/50 000) for calculating and minimising the standard error of analysis (i.e. the overall 
value of the adjustments). These weightings reflect the precision and accuracy of each 
measurement. Changing the relative weightings to 2 seconds and 1/25 000 was found 
to result in only small differences in the calculated coordinates (i.e. less than 0.5 mm), 
demonstrating that the analyses were generally not very sensitive to relative weighting 
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for the particular survey layout. All analyses were run with a convergence value of 0.05 
% on adjustments, meaning that the solution was achieved if the coordinate adjustments 
for the last iteration were all less than 0.5 mm. 
On completion of the analysis, the coordinates, which had been calculated 
relative to a local system were transformed to a cartesian system relative to the building 
facade under consideration to allow integration with the other forms of monitoring 
performed at this location. 
By applying the principles of total station surveying, 'pseuafo'plumblines were 
used by the CTWJV at London Bridge to determine the in-plane horizontal movements 
of two of the external faces of the bell tower of the Southwark Cathedral Chapter House. 
Retro-reflective targets were affixed to the top and bottom of each 'pseudo'plumbline; 
each plumbline had a gauge length of approximately 21 m. Measurements were made 
to both retro-reflective targets, top then bottom, during the surveys, which were carried 
out between June 1995 and November 1997. On data reduction, the relative in-plane 
horizontal movements were deduced. 
7.3.3 Crack monitoring 
The fabric of buildings Is often Intersected by old cracks, or new cracks may 
develop in response to ground movements. Even if there is no risk of loss of stability, 
severe cracking may result in rain penetration, heat loss, or reduced sound insulation, 
resulting in an overall reduction in the efficiency/serviceability of the building (BRE, 
1966). For historic buildings and monuments cracking, even if not severe, may be 
unacceptable. 
Crack width is often used as an aid in assessing building damage; classifications 
of visible damage often quote typical crack widths associated with particular damage 
categories, for example Burland et al, 1977. In this respect, crack monitoring has an 
important part to play in the understanding of the evolution of damage to buildings in 
relation to the magnitude of displacements induced. Monitoring the displacements of 
buildings across cracks or other discontinuities can also provide vital information about 
the nature of their movement, particularly if carried out in association with other forms of 
structural monitoring such as precision levelling and taping. The measurements aid our 
understanding of the ways in which buildings respond to construction activities. 
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7.3.3.1 Equipment and procedure 
Before any cracks are monitored it is necessary to compile an inventory of 
existing cracks, detailing their approximate width and position, in order to establish the 
scale and extent of any pre-existing damage and evaluate the potential for further 
damage to occur spatially. The crack survey can be recorded by means of freehand 
sketches together with copious photographs to preserve the first impression obtained. 
The widths of all the cracks revealed by close inspection should be measured to the 
nearest millimetre; cracks with a width of less than 1 mm will normally be defined either 
as 0.5 mm or hairline. If the width of the crack varies significantly along its length, it 
should be recorded at more than one position. The depth of the out-of-plane step 
between the two sides of a crack should also be measured to the nearest millimetre; 
steps of less than one millimetre deep can usually be ignored. The width of the crack 
and the depth can be adequately measured using a steel rule, graduated in full 
millimetres (BRE, 1989). 
Cracks are usually tensile in the plane of the wall; compressive cracks exhibit 
spalling, flaking or crushing of the surface at their edges. Care should be taken to 
distinguish between new and pre-existing cracks; the sharpness and appearance of the 
two sides of the crack as well as the amount of detritus within it are useful indicators of 
the age of a crack. For practical reasons, not all the cracks identified during a survey 
will be monitored; engineering judgement is used to select those monitoring positions 
that will be the most informative with regard to building movement. The largest cracks 
should all be monitored as they are the most likely to move and at the greatest rate; 
other cracks, whose movements may reveal particular modes of deformation within the 
building, should also be selected, for example monitoring a long vertical crack near its 
top and bottom may reveal a hogging mode of deformation. Several of the traditional 
types of instrument and technique were employed by the CTW JV to measure the 
movement of cracks, both pre-existing and new, during underground construction at 
London Bridge including rudimentary pencil marks, plastic tell-tales, and various 
arrangements of steel discs. 
Avongard tell-tales were used extensively at London Bridge. As shown in Figure 
7.7, they consist of two overlapping plastic plates screwed to the wall across the crack 
being monitored; one marked with red cross hairs, the other with a grid graduated in 
millimetres. The two plates are mounted on opposite sides of the crack so that the cross 
hairs are initially in perfect co-axial agreement with the underlying grid. Readings are 
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taken manually, reporting the cross hair positions where they intersect the scales at the 
top, bottom, left and right hand sides of the grid. The resultant movement of the crack 
can then be deduced. In addition, the points of fixity for the two plastic plates have 
circular plastic lugs, across which readings can be made using Vernier calipers. The 
opening/closing of the crack can be recorded on the monitoring card supplied with each 
tell-tale. 
As shown in Figure 7.7(b), hinged versions of the tell-tale, which enable the 
monitoring of cracks over internal/external corners, are also available. The gauge fits 
either into or around the corner under consideration, between the angles of 70° and 
180°. Avongard tell-tales, which are a globally-patented product manufactured to 
conform to the requirements of British Standard EN ISO 9002:1994, are useful 
indicators of planar two-dimensional movement (i.e. for a crack on a flat surface) but 
become increasingly less reliable if the movement is more three-dimensional in nature 
(i.e. there are rotational effects). In addition, they are visually obtrusive and easily 
damaged. 
Other forms of crack measurement employed at London Bridge included various 
configurations of dimpled stainless steel discs. The discs were affixed to either side of 
the crack under consideration; depending on the nature of the crack more than two discs 
may have been positioned at strategic locations on each side. Two , three and four disc 
arrangements were all employed during underground construction at London Bridge. 
Subsequent movement of the various spans was measured using a set of vernier 
callipers, the tips of the calliper jaws being positioned in the centrally-located dimples. 
The lengths to be measured are defined by pairs of the punched and drilled stainless 
steel 6.3 mm diameter discs affixed to the surface under examination. Before the metal 
discs were fixed to the surface to be monitored; the discs were cleaned and degreased, 
and their backs abraded to improve surface bonding. The surfaces upon which the 
discs are affixed should also be cleaned and degreased, and, if necessary, abraded. A 
quick-setting epoxy resin is used to fix the discs In place; the 1 mm diameter gauge 
location holes are only drilled partly through the discs so that the glue does not 
penetrate beyond the base of the disc. Where the initial crack was sufficiently large, 
subsequent measurements of crack width were made by inserting the reverse jaws of 
the vernier calliper into the crack. 
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7.3.3.2 Accuracy and potential errors 
The manufacturer of the tell-tales, Avongard, quotes an accuracy of ±1 mm, 
increasing to ±0.5 mm by interpolation. They indicate that the accuracy can be further 
increased to ±0.1 mm by the use of vernier calipers; the jaws of the calliper being 
located between purpose made spigots on each arm of the tell-tale. The CTW JV have 
indicated that the Avongard tell-tales were able to measure crack widths to an accuracy 
of ±0.2 mm. It is assumed that this level of accuracy was only achieved when 
measuring the distance between the spigots of the tell-tale. 
At London Bridge, an accuracy of ±0.1 mm has been suggested by the CTW JV 
for crack width measurement made using a combination of the dimpled, stainless steel 
discs and vernier callipers. The manufacturer of the digital vernier calliper quotes an 
accuracy of ±0.01 mm at 20°C. It is assumed that the reduced level of accuracy reflects 
a further potential source of error with such hybrid arrangements; the tips of the jaws of 
the vernier callipers do not sit exactly within the locating holes of the metal discs. The 
magnitude and nature of the crack and its subsequent propagation, will also contribute 
to the overall accuracy of the measurement; the less accurate methods of measurement 
are generally associated with greater magnitude cracks. 
7.3.3.3 Analysis of readings 
The following text describes the assumptions made when analysing 
measurements made between steel discs located across cracks and assessing the 
magnitude of the error in such measurements. Although attempts were made by the 
author, the accuracy of the measurements taken at London Bridge is such that it was 
not feasible to apply any corrections to them. A structural engineering sign convention 
has been adopted throughout, i.e. positive values relate to extension, negative to 
contraction. As shown in Figure 7.8, various metal disc configurations can be 
employed. If only two metal discs are fixed across the crack their position should be as 
close as possible to the orthogonal to the direction of the crack. With this layout of 
discs, it is not possible to calculate the displacements of one side of the crack relative to 
the other, but it is possible to measure approximate changes in crack width and to 
determine whether the movement is continuing and at what approximate rate. The 
results might be misleading, however, if the crack is inclined or is affected by 
movements parallel to the crack, either in-plane or out-of-plane. 
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Any two rigid bodies, or two sensibly rigid parts of a mechanism, such as the wall 
on either side of a crack, exhibit six degrees of freedom relative to each other in space. 
To work out the vector of displacement of one rigid body relative to the other it is 
necessary to measure six independent components of displacement. 
As shown in Figure 7.9, if only in-plane movements of the wall are considered to 
take place on each side of the crack, the degrees of freedom reduce from six to three; 
these have been chosen to be the two components of the displacement of point 2 
relative to point 1, and and a rigid-body rotation around point 2, (p. The 
displacements of any point on the right side of the crack, such as point 3, can be 
determined from the vectorial summation of the displacement vector due to the 
rigid-body translation of point 2, and the displacement vector resulting from the 
rigid-body rotation about point 2, 3'-3". Regardless of the rigid body displacement, the 
distance between any two points in the rigid body itself, such as points 2 and 3, does not 
change. 
A typical three-disc configuration for monitoring in-plane relative rigid body 
displacements is shown in Figure 7.10. The three discs can be set to form a triangle 
with two sides spanning the crack as shown; the changes in span lengths 1-2, 1-3 and 
2-3 are measured. Two independent components of displacement are measured with 
this layout, but it is not possible to work out the displacement of one side of the crack 
relative to the other unless further simplifying assumptions are introduced. 
As shown in Figure 7.10, if it is assumed that the movement of the wall 
comprises a rigid-body translation with no rotation, the components of the displacement 
of any of the points on one side of the crack relative to the other, u and v, can be related 
to the changes in span. 
= ucosa + vsina (7.2a) 
A,3 = ucos/3 + vsinp (7.2b) 
A.3 = 0 (7.2c) 
As shown in Figure 7.11, to calculate the local rotation of one side of a crack 
relative to the other it is necessary to introduce a further disc into the configuration, and 
develop additional expressions. The displacements of any point on the right-hand side 
of the crack relative to the left hand side will result from the sum of the rigid-body relative 
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translation of components and Uj (see Figure 7.11(a)) and the rigid-body rotation 
around point 2, (p (see Figure 7.11(b)). As before, regardless of the rigid body's 
displacement, the distance between any two points within the rigid body itself, such as 
points 2 and 3 or 1 and 4, does not change. The relationships between the measured 
gauge length variations and the components of displacement of one side of the crack 
relative to the other are as follows: 
A,2 = Uscosa + v^sina (7.3a) 
A,3 = U2COSJ3 + v.sin^ + L. Xgcp. cosm (7.3b) 
A 34 = UsCosy + v.siny + L. tgcp.cosO (7.3c) 
1^23 = 0 (7.3d) 
Ah = 0 (7.3e) 
In deriving the above sets of equations the assumption is made that the 
displacements across the crack are small enough such that the initial geometry of the 
reference discs can be assumed constant. This assumption together with the actual 
conditions pertaining are illustrated in Figure 7.12. The displacement of point 2 relative 
to point 1 is represented by a vector of magnitude d, which forms an angle p with the 
line through points 1 and 2. The displaced position of point 2 is denoted as 2'. When 
deriving the equations relating the vectors of displacement to the gauge length 
variations, the gauge length is taken to be equal to 
Ai2'=2-(2') (7.4) 
In practice, however, the measurement made is 
Ai2 = (2)-2' (7.5) 
The relative error in depends on the magnitude of the vector of displacement, 
d, and its direction, p, as well as on the initial gauge length, . If (/= 0 or p = 0, then 
A i 2 = A i 2 * - The larger the value of the smaller the value of y and the closer to reality 
the assumption that 
Af2 = A^g (7.6) 
The relative error in A g^ has been plotted in Figure 7.13, as a function of both d 
and p, for a given gauge length 1^^ = 200 mm (Standing and Viggiani, 1997). It can be 
seen from this figure that although the relative error in A g^ becomes significant when p 
approaches 90°, it is very small, typically less than 1%, for values of p up to 50°. 
In order to evaluate the error in the calculated vectors of displacement that 
results from the error in A^g, it is necessary to develop rigorous expressions relating the 
components of displacement to the measured gauge length variations when the 
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displacements across the crack are not small. A full derivation of these expressions is 
provided by Standing and Viggiani (1997). 
Whatever the arrangement of discs, a 'movement to date'needs to be 
calculated, relative to a base set of readings. In general, one can write: 
Tc = r — Z (7.7) 
/SLTC = (r — To) — (C — Co) ( 7 . 8 ) 
If zero and calibration readings have been taken both at the beginning and at the 
end of the monitoring operations, one can consider the average of their initial and final 
values; 
Z = (7.9) 
(7.10) 
At London Bridge all three of the above disc configurations were used when 
monitoring the behaviour of the cracks within the buildings. In practice, it is convenient 
to adopt a particular geometry to simplify calculations or obtain the maximum information 
concerning the movements taking place. As illustrated in Figure 7.14(a), one option, 
recommended by the BRE (1989), is that of fixing the metal discs to form a right-angled 
triangle, with the two shorter sides straddling the crack vertically and horizontally (in the 
same plane). In this arrangement, a = 0° and p = 90°, such that L/ = and i/ = A^g. 
Sometimes, however, the direction of the crack precludes the use of horizontal and 
vertical measurements and the triangle has to be rotated as shown in Figure 7.14(b); if 
the triangle is rotated by 45°, a becomes -45° while (3 becomes 45°. A fourth metal disc 
can be placed on the same side of the crack as disc 1, to form another right-angled 
triangle (see Figures 7.14(c) and 7.14(d)) and thus make it possible to calculate the 
local rotation, cp, directly. 
Although in a rigid-body displacement the distance between points 2 and 3 
should not change (i.e. Agg = 0), it may be desirable to measure the changes of the 
gauge length across continuous stone or brickwork, both to be reassured of the 
accuracy of the measurements between the other two pairs of discs, and to assess the 
significance of thermal expansion effects in the host material. In practice, the 
movements of buildings across cracks and of continuous stone or brickwork due to 
thermal effects, are governed by many factors, including the degree of restraint imposed 
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by the structure or the lack of restraint across the crack, construction or expansion joint, 
which are very difficult to evaluate. 
An alternative configuration, which is shown in Figure 7.15(a), comprises three 
metal discs positioned to form an equilateral triangle. The first side of the triangle is 
approximately orthogonal to the crack (1-2), the second approximately parallel to the 
crack (1-3), while the third side (2-3) spans across continuous stone or brickwork. The 
measured changes in the gauge lengths between discs 1 and 2, and 1 and 3, represent 
approximately the changes in the crack width and the in-plane shear movements 
between the two sides of the crack, while the change in the gauge length between points 
2 and 3 gives an idea of the accuracy of the measurements and of the importance of 
temperature effects. The vectors of displacement of the points on one side of the crack 
relative to the other can be calculated based on the simplifying assumption that the 
relative movement between the two sides of the wall is a rigid body translation. As 
shown in Figure 7.15(b), a fourth metal disc can be attached to the wall on the same 
side of the crack as disc 1, to form a second equilateral triangle with the sides equal to 
the gauge length. 
In addition, out-of-plane shearing between the two sides of the crack may occur. 
Such movements are not accounted for in the above expressions, which are based on 
the assumption that the relative displacements of the two sides of the wall across the 
crack take place in the plane of the wall. An out-of-plane relative shear displacement of 
1 mm would result in a change of gauge length of 0.0025 mm for a 200 mm span length. 
7.3.4 Electrolevel Beams 
On JLE Contract CI 04, real-time monitoring of structural movements was 
undertaken in all areas subject to compensation grouting; electrolevels were the 
principal type of instrument used for this purpose. The JLEP marked the first, 
widespread use of electrovel beams to measure real-time building movement, on a 
major construction project in the U.K. Several hundred electrolevel devices were 
installed in the buildings above JLE London Bridge underground station alone. 
Semi-continuous strings of electrolevel beams were installed along the walls of 
numerous buildings on the JLE route by the contractors for the works, to enable real-
time monitoring of the relative vertical movements induced by the tunnelling and 
-165-
Chapter 7: Instrumentation and monitoring 
associated compensation grouting ground treatment operations. The beams were 
installed both internally and externally, and in both transverse and longitudinal directions 
with respect to the particular building footprint. Unless site-specific conditions dictated 
othenwise, the electrolevel beam strings were located at basement level. 
At London Bridge, the supply and installation of the electrolevels, carriages and 
ancillary equipment as well as the subsequent monitoring in-service was carried out by 
Construction Monitoring and Control Systems under a sub-contract to the specialist 
ground treatment sub-contractor, Keller/Bachy. 
7.3.4.1 Principles of electrolevel devices 
Electrolevels were initially developed by the aviation industry during the 1930s. 
Over the last 30 years or so the monitoring capabilities of the electrolevel inclinometer 
have been developed by the construction industry to enable real-time monitoring of 
movements. They can be used to measure changes in inclination between two 
reference points and have been put to a variety of uses, including the measurement of 
vertical and horizontal displacements. 
As shown in Figure 7.16, they comprise small glass vials, partly filled with an 
electrolytic fluid, within which there are three co-planar electrodes, which are partially 
immersed in the fluid. The electrolevel sensor unit is hermetically sealed and operates 
by the application of an ac excitation voltage supplied in a symmetrical form to the outer 
electrodes. When the unit is at its zero (null) position, the electrical resistance in the fluid 
from the centre to each outer electrode is the same. When the electrolevel unit is tilted 
(in the plane of the electrodes) this equilibrium position is disturbed, the length of each 
electrode immersed in the fluid changing. This causes corresponding changes in the 
resistance and the measured voltage on the application of a constant current through 
the circuit. 
The electrolevel sensor operates essentially as a Wheatstone Bridge, the 
resistances from the two outer electrodes acting as two arms of the bridge. A small 
supply voltage, typically 5 Volts, energises the electrolevel, and the corresponding 
voltage of the arrangement is measured and converted to a digital reading. It is good 
practice to allow the electrolevel devices to warm up for between 5 and 10 seconds; the 
data subsequently obtained is generally more stable and reliable. 
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7.3.4.2 Equipment and Procedure 
The following commentary is based on information presented in Keller (1994). 
The electrolevel devices used at London Bridge were the Series 0715 model 
manufactured by Fredericks; this model has a normal working range of ±3 degrees and 
operating temperature of 25 °C, ±15 °C. These units are accurate to within ±3 seconds 
of arc. As shown in Figure 7.17, the electrolevel devices were mounted on beams. The 
electrolevel beams used throughout the JLEP were similar; they were typically 75 mm 
wide, 150 mm deep, and up to 4.5 m in length, and formed from aluminium alloy. The 
beams were affixed to the buildings to be monitored via reference pins; these pins were 
either installed directly into the wall of the building by drilling and epoxy-resin grouting, or 
indirectly by screwing in the pins to backing plates. 
The fixing arrangements were such that twisting and the effects of temperature 
change on the beams were minimised. One end of each beam was free to move axially, 
its support pin being free to slide on the reference pin. The beams were prevented from 
moving transversely on the reference pin through the use of an arrangement of washers 
and spacers. To prevent staining of the buildings the fixing brackets were fabricated 
from stainless steel. Barakat (1996) found that the response of the electrolevel sensors 
varies considerably depending upon the nature of the beam fixings; the tighter'the fixing 
the more variable the response of the sensor. 
Once installed on site, the electrolevels were adjusted such that a null response 
was obtained in a 'near horizontal' position, and checked for sense and response 
stability after energisation by inserting calibration spacers between the support and the 
transverse slot. An electrolevel device was generally rejected if the response did not 
settle to within 2 arc seconds of the correct value within 5 seconds of being energised. 
Each individual electrolevel was connected to a multiplexer which in turn was connected 
to a controller; each controller was connected to the logging computer in the central 
monitoring room. Readings were stored on the data-logging system at user-defined 
time intervals, typically one hour. 
7.3.4.3 Processing measurements 
The raw data collected was subsequently reduced to differences from a base 
reading. Unfortunately, the dataset that has been obtained is incomplete. As a result an 
appropriate datum had to be carefully selected for each electrolevel; readings taken 
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around about dawn are usually more stable than those made later in the day. 
Additionally, the raw data at London Bridge has been comprehensively reviewed for any 
gross changes, which are not considered to be representative of actual building 
movement, for example the resetting of the electrolevel device during the monitoring 
period or disturbance to it in-service. Correspondence suggesting unintentional 
interference by building occupiers during the monitoring period has been obtained. 
Barakat (1996) investigated the effects of physical disturbance to the electrolevel 
mounting system employed in the Heathrow Express project; it was concluded that there 
was no residual effect on subsequent readings of the electrolevel sensors, provided that 
no distortion of the mounting assembly or sensor has taken place. 
Although method statements for the installation of the electrolevel devices and 
associated monitoring of building movements during compensation grouting operations 
indicated that temperature sensors were to be incorporated into the system to aid 
subsequent analysis and interpretation of the data, this information has not been 
obtained and it seems unlikely that such measurements were actually made. The 
absence of such information made the raw data review somewhat more problematic. 
Barakat (1996) undertook an extensive laboratory testing programme to investigate and 
identify the limitations of the beam electrolevel system used during the Heathrow 
Express project. He observed that exposure of both the beam mountings and the 
electrolevel sensors to temperature changes resulted in significant variation in the 
measurements recorded by the sensors. The applied temperature gradient is the 
dominant factor. 
The sign convention assumed for the electrolevel beams at London Bridge is 
such that each string of beams is orientated from the lowest to the highest reference 
number; the same sign convention has been assumed for the electrolevel devices 
themselves. A negative change in inclination of an individual electrolevel beam/device, 
i.e. a decrease in output, indicates that the far end of the beam has moved downwards 
relative to the near end. In addition, it has been assumed that the calibration factors 
given for all of the electrolevel devices employed at London Bridge are in terms of 
radians/volt. 
Each electrolevel device has a unique calibration factor, which is determined 
under controlled conditions in a laboratory prior to installation on site; the voltage change 
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is calibrated against tilt over the 2 to 3° working range of rotation for the electrolevel 
sensor, yielding a near-linear calibration factor for each device under constant 
temperature conditions. Barakat (1996) found that the calibration factors of individual 
electrolevel sensors and the corresponding on-site electrolevel beam system can be 
different. In the case of the Heathrow Express Project, a difference of up to 7% was 
determined. The conversion of measured voltage to digital response (bits) is set such 
that 100 bits equates roughly to 100 arc seconds of rotation or a tilt of about 0.5 mm/m. 
Other gross errors which may affect the data obtained by electrolevel beam 
monitoring systems include; 
(a) incorrect installation, causing the uniaxial sensors to measure tilt in a sub-
vertical plane; 
(b) incorrect data collation, improper wiring of the multiplexers/control panels 
resulting in the recording of the wrong sensor reading for a particular 
channel reference. 
As shown in Figure 7.18(a), for analysis and interpretation purposes, each string 
of electrolevel beams is idealised as a number of lengths separated by nodes located at 
the ends of each individual beam. A node at one end of the string, usually that at the 
beginning of the string line, is considered 'fixed'. Reduction of the data involves the 
determination of the angular rotation of each electrolevel beam and the cumulative 
vertical displacement relative to the 'fixed'end (see Figure 7.18(b)). For each 
electrolevel beam in a string, the angular rotation of that node furthest from the pre-
determined fixed point is evaluated by multiplying the change in voltage recorded for that 
electrolevel device by the appropriate calibration factor, CF, as shown below. 
Aa = AV.CF (7.11) 
As shown in Figure 7.19, the subsequent incremental displacement, the vertical 
displacement perpendicular to the axis of the beam, is the chord of the arc transcribed 
by the node due to the rotation of the beam and is determined as follows. 
S2 = LN,N2.sin(A.a,) (7.12) 
In calculating the deformed shape the following assumptions are made: 
(a) Initially, the string of electrolevel beams is perfectly horizontal; 
(b) The electrolevel devices are situated midway between nodes (i.e. 
at the centre of the beam); 
-169-
Chapter 7: Instrumentation and monitoring 
(c) Node No.1 (i.e. usually that at the start of each string) is assumed 
fixed throughout; 
(d) The lengths between nodes (i.e. the lengths of each electrolevel 
beam) remain constant and straight throughout monitoring; 
(e) The nodes (i.e. the ends of each electrolevel beam) act as hinges 
during the monitoring period; 
(f) The actual movements recorded are small in comparison to the 
lengths between the nodes. 
The above procedure is repeated for all the electrolevel beams in a string and 
each time increment, the angular rotations, and hence relative vertical displacements, 
being built up cumulatively. The overall relative displaced shape of each string is 
determined by considering the displacement of the individual nodes. The total vertical 
displacement of any node, n, relative to Node No.1 is given by the sum of the 
displacements due to the rotations of the various eiectrolevels located between it and 
the start of the string. The displacements thus determined at each node throughout the 
monitoring period, established the nature of the relative movements over this time. 
A n = (5> + <5^2+ +Sn ( 7 . 1 3 ) 
Several problems were encountered during the reduction of the electrolevel 
beam data associated largely with conformance errors, namely poor instrument layout 
and inadequate data capture. The electrolevel beams enabled the collation of relative 
vertical building movements. It is useful and good practice to validate the movements 
thus recorded against the corresponding absolute movements measured by other more 
traditional techniques, for example precision levelling. This introduces a degree of 
redundancy into the monitoring system. As far as the author is aware, there was no 
facility to enable precision levels to be taken on the electrolevel beams installed at 
London Bridge, nor were any taken. In validating the relative movements, use has had 
to be made of the precision level monitoring points installed around the perimeters of the 
various buildings concerned. The layout of these sockets is not particularly conducive to 
such an exercise. The validation of the relative movements recorded by the electrolevel 
beams is thus largely approximate and subject to engineering judgement. An example 
of successful validation is shown in Figure 7.20. In this and subsequent figures relating 
to problems encountered with the electrolevel data, the examples are taken from the 
electrolevel beams installed within Telephone House. The electrolevel beam layout plan 
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for this building is presented as Figure 10.2.8 in Chapter 10. The corresponding 
precision level monitoring point layout plan is shown in Figure 10.2.6. 
Another problem encountered was that of thermal influence on the movements 
measured. In Figure 7.21, the response over time of one of the electrolevel beams 
installed within the basement along the front facade of Telephone House, electrolevel 
B11, is shown. Positive relative movement (i.e. heave) is indicated throughout much of 
the monitoring period. This behaviour is not replicated in the corresponding precision 
level monitoring data, which is shown in Figure 7.22 together with that of the 
electrolevel. The differing response is attributed to thermal influences on the behaviour 
of the electrolevel device. Although the electrolevel beam was installed within the 
basement of the building, the environment was not thermally stable. As noted above, it 
was not possible to correct for these effects and the affected electrolevel beam strings 
were omitted from further analysis and interpretation. 
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London Bridge 
8.1 Introduction 
This chapter presents a brief history of the London Bridge area, focussing on 
those aspects that would have had a significant impact on the subsequent behaviour of 
the case history buildings during construction of the JLE in the vicinity, before detailing 
the case history buildings themselves, their pre-JLEP condition and any protective 
measures implemented as a result of the potential damage assessment process. 
'Understanding the response of a building to ground movements is greatly aided by 
having a detailed knowledge of the previous uses of the site, the way the building was 
constructed and the changes that have taken place historically - what might be called 
the genesis of the bu/7c//ng'(Burland, 2001). 
The sources of information specific to the JLEP (and thus unpublished), which 
form the basis of much of the information presented in this chapter, are summarised in 
Appendices D, E, F and G. Published references are given as appropriate in the text. 
8.2 Bacl<ground 
Southwark, which is shown in Figure 8.1, on the south bank of the River Thames 
has a long history of habitation. Archaeological investigations carried out in connection 
with the JLEP and other recent construction projects, have revealed that the area 
presently known as London Bridge has been continually inhabited since neolithic times; 
Bronze and Iron Age artefacts having been uncovered in the vicinity. In these times the 
River Thames was much wider, shallower and as a consequence, slower flowing than it 
is today, with many of the areas bordering it being marshy and waterlogged. The flood 
plain was approximately 4 kilometres wide at this time. The present river channel is 
believed to be situated close to the northern limit of this flood plain. Much of what is now 
known as Southwark was originally low-lying marshland of the River Thames flood plain. 
The land, including those areas now occupied by Guy's Hospital, St Thomas and Joiner 
Streets, was first reclaimed by the Romans during their occupation of Britain at the 
beginning of the first millenium; drainage channels and revetments being constructed. 
Archaeological investigations have encountered remains at depths of about 5 m in both 
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St Thomas and Borough High Streets. The level of the River Thames is now some 4.5 
m higher relative to the land than in Roman times, primarily as a result of riverside land 
reclamation and containment, with river wall construction. 
For much of its history, the London Bridge area has served as a major crossing 
point and gateway on the Thames, various bridges having been constructed there, 
linking the City of London on the north side of the river to the South Bank and beyond. 
Additionally, the river is only tidal as far as Chelsea to the west and the London Bridge 
area became an upstream limit for cargo arriving by sea. It is believed that the Romans 
constructed the first bridge across the Thames at this location during their occupation of 
Britain. Following the end of the Roman Invasion, several wooden structures were built 
over the Thames at this location to replace the original structure, before the first stone 
bridge was constructed between 1176 and 1209 under the supervision of Peter de 
Colechurch. This bridge remained insitu until 1825, when It was demolished to make 
way for James Rennie Senior's five arch stone bridge. This bridge was subsequently 
demolished and the present bridge constructed between 1967 and 1973. 
Historically, the area and the buildings forming the London Bridge 'block', the 
group of buildings bounded by Borough High Street, London Bridge Street, Joiner Street 
and St thomas Street, and with which this thesis is concerned, have three main 
influences: 
(a) St Thomas's Hospital; 
(b) The Industrial Revolution and the Railway Age (surface and 
underground); 
(c) World War II. 
8.2.1 St Thomas's Hospital^ 
It is known that St Thomas's Hospital was originally founded in Southwark on the 
site of the present Cathedral of St Saviour (Southwark Cathedral) or thereabouts, but the 
exact date is not. The hospital appears to have originated in the infirmary of the Priory 
of St Mary Overy, an Augustinian foundation, in the early part of the 12"" Century. 
Almost all of the Priory of St Mary Overy, including the hospital, was destroyed by fire in 
1212. The Priory was subsequently re-built on the old site but the hospital relocated to 
the opposite side of Long Southwark (now known as Borough High Street), between 
what is now Duke Street Hill and St Thomas Street, including the London Bridge 'block'. 
^ The salient aspects of the history of St Thomas's Hospital have been taken from The History of St Thomas's'by E H Maclnnes. 
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This site was occupied by the hospital until its re-location to Lambeth in 1862. The 
hospital's location is indicated in the current urban landscape by St Thomas's Street and 
St Thomas's Church (now the Chapter House of Southwark Cathedral). From 1215 
onwards, the Priory and hospital functioned quite separately, the hospital developing as 
a series of court yards in Long Southwark. A map of the area from 1530, which is 
presented as Figure 8.2, shows the hospital layout and suggests it comprised two court 
yards at this time. 
At the end of the 17'%eginning of the 18"^  centuries the hospital underwent a 
comprehensive rebuilding programme; a plan of the hospital showing the completed 
layout is presented as Figure 8.3. Re-building began on the eastern side of the 
hospital, in the third square, during 1693. The re-construction of this square was 
complete by early 1695. Work then proceeded in the second square, to the west. In 
October 1697 an order to pull down the existing church and build a new one was issued. 
Construction of the new church, which formed the southwestern corner of the second 
square, began in 1700 and by the autumn of that year work had progressed such that 
the level of the steeple had reached that of the outer wall, thus fencing off the hospital 
site from the adjacent street. The new church was rebuilt on the foundations of the old, 
'with enlargement to the street'. The wards on the south side of the hospital forecourt 
were ready for occupation in the spring of 1701; work then began on the wards on the 
north side of this square. The year 1702 saw the completion of the re-building of the 
church. Although the church had been founded to serve the hospital it also functioned 
as a parish church between 1552 and 1898. The Treasurer's House (now part of 
Collegiate House) was built on the site of the old Governors' Hall in 1704, adjacent to the 
side entrance to the hospital, nearest the church. The first of a row of eighteenth 
century houses in St Thomas Street to the east of the church; it was a town house in the 
style of the reign of Queen Anne. Completion of the new wards in the forecourt 
signalled that the rebuilding programme was practically complete, only the construction 
of a front gateway onto Borough High Street had not been undertaken; this work was not 
completed until 1724 due to difficulties over the adjoining properties. Not quite all the 
hospital had been rebuilt; while the three main courts were entirely new, the cluster of 
buildings at the eastern end of the hospital, surrounding the 'drying court'and the 'bacl< 
yard'{the area now occupied by 21-27 St Thomas Street and possibly also Fielden 
House) were a reminder of the hospital's past. 
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Guy's Hospital was opened on the opposite side of the street to St Thomas's 
Hospital in 1721. The two institutions were recognised as complementary and there was 
close cooperation between them from the beginning; they became known as the United 
Hospitals. Both hospitals are shown in the map published by John Rocque between 
1739 and 1747 (Figure 8.4). With the division of the United Hospitals in the first half of 
the nineteenth century it was recognised that there was no particular advantage to be 
gained from having two separate institutions in such close proximity; it would be better if 
they covered separate areas, providing a better and more widespread service to the 
poor of South London whilst also not competing for public support. Staff of St Thomas's 
proposed relocation in June 1832 but their recommendations were rejected, and re-
construction work began on the Southwark site. 
Up until the early 1800s, the hospital buildings had undergone little change since 
they were re-built in the early 18'^  Century; 100 years on they were inadequate for the 
demands being made upon them. Plans were prepared for the re-building of the 
hospital; a plan of the hospital from about 1853 showing the changes to the layout is 
presented as Figure 8.5. Contemporaneous external activities that had a significant 
influence on the hospital's re-building programme included the widening and 
straightening of St Thomas's Street, which began in 1805, and the rebuilding of London 
Bridge, which commenced in 1825. The level of Southwark (Borough) High Street was 
raised as part of bridge construction; the present level of the churchyard of Southwark 
Cathedral represents its former level. 
The completion of the new London Bridge in 1832 allowed the building of the two 
great wings in the hospital forecourt (the remaining south wing currently houses London 
Bridge Post Office) to commence; proposals were submitted in 1833 to completely re-
build the hospital. Construction of the north wing began in 1833 and it was ready for 
patients in late 1835, while building of the south wing commenced in 1840 and it was 
ready for patients in mid-1842. A number of the old houses on Wellington Street (as 
that part of Borough High Street was then known) had to be cleared away as part of the 
works for the south wing. The level of the front square was raised to that of Borough 
High Street at this time and the cross buildings (which were adjacent to the Southwark 
Cathedral Chapter House) between the forecourt and Edward Square removed. The 
two new wings were set back more to the north and south respectively, resulting in a 
much wider forecourt than before; no attempt was made to build in line or in keeping 
with the style of the existing buildings as it was intended that these should all be 
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replaced. 
8.2.2 The industrial Revolution and the Railway Age 
At the beginning of the 19'^  century Southwark still possessed a relatively rural 
landscape, the Victorian industrialists subsequently created the urban landscape that is 
evident today. The development of the railways was fundamental to this change; they 
were the catalyst for one of, if not the most, radical and rapid change to London's 
topography. 
8.2.2.1 The Surface Railways 
1832 marked the start of railway construction on the hospital's estates. The 
London Bridge terminus of the London & Greenwich Railway was opened at the end of 
1836, the first to be opened in London. A schematic of railway development at London 
Bridge is presented in Figure 8.6. It was an open station with an approach ramp leading 
from Borough High Street; an arcade of shops was situated below the station, the Joiner 
Street arches. By 1839, the London & Croydon Railway also had a terminus at London 
Bridge; a separate covered station immediately to the north of that of the LGR. By 1845 
both the London & Brighton Railway and the South Eastern Railway had also obtained 
running rights into London Bridge station. The LGR was subsequently absorbed into the 
SER, and the SER together with the LCR and LBR opened a joint station at London 
Bridge. The SER then erected new station buildings in 1851 while the LB&SCR re-built 
to the south in 1850 and again in 1853. 1864 saw the SER extend to Charing Cross in 
the northwest with consequent alteration to London Bridge station and its environs. 
Further works took place in 1901. The LB&SCR enlarged their station at London Bridge, 
much of which still remains, in 1866. Further works took place in 1901. A new 
concourse was constructed at the station by British Rail between 1973 and 1978. 
The development of the railways at London Bridge was relentless. As more and 
more portions of St Thomas's hospital site were acquired to facilitate this expansion, the 
strategy became one of compelling the railway companies to buy the whole hospital at 
such a price as to enable St Thomas's to build a new, modern hospital elsewhere. The 
railway companies succumbed to this strategy and St Thomas's London Bridge hospital 
site closed in 1862, marking the end of the hospital's association with Southwark. Much 
of the hospital site was surplus to the railway companies requirements and was sold off. 
On relocation, the hospital buildings at London Bridge were largely demolished and the 
adjacent railway station constructed. The Ordnance Survey map of 1872, which is 
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presented as Figure 8.7, illustrates the changes that had taken place since the hospital 
relocated; many of the hospital buildings had been removed. As shown in Figure 8.8, 
by 1894 new buildings had been constructed at the eastern end of the London Bridge 
'block'. The Ordnance Survey map of 1916, which is presented as Figure 8.9, shows 
further development having taken place, particularly on London Bridge Street (then still 
referred to as Denman Street) in the approximate building footprints of Telephone 
House, the BT Building and Fielden House. In Figure 8.10, which shows the area in the 
early 1950s, the (now demolished) Post Office building to the front of the 19"" century 
south wing of the hospital forecourt is evident. The only hospital buildings which still 
survive to the present day are those on its southern flank, including the south wing of the 
hospital forecourt (London Bridge Post Office), St Thomas's Church (the Southwark 
Cathedral Chapter House), and the Treasurer's House (Collegiate House). 
As part of the redevelopment of the area by the railway companies, approach 
roads to the surface rail terminus, including London Bridge Street, were constructed. As 
shown in Figure 8.11, which shows a section through the centreline of the Long Subway 
tunnel, the significant level difference between the railway station and surrounding urban 
landscape meant that the approaches were elevated in nature (the long subway tunnel is 
discussed below in Sub-section 8.2.2.2). London Bridge Street is supported by a series 
of brickwork arches, the axes of which are aligned approximately perpendicular to the 
building facades that line London Bridge Street. They rise up from original ground 
surface level at London Bridge Street's junction with Borough High Street, to a maximum 
height of about eight metres at the entrance to London Bridge mainline/suburban railway 
station, some 150 m to the east. Consequently, several of the buildings currently 
abutting the southern edge of London Bridge Street, and including Telephone House, 
the BT Building and Fielden House, undergo a considerable fall in ground surface level 
from front to rear elevations. The foundations of the arches comprise approximately two 
metre wide by one metre deep brick strip footings, which rest on the Terrace Gravels. 
When first built, the arch structures were wider than they are today, extending to the 
south, into what are now the building footprints of Telephone House, the BT Building and 
Fielden House. At present, the brickwork arches end about one metre to the north of 
these buildings. The remnants of the foundations of these brickwork arches were 
encountered underneath the BT Building during the JLEP, while excavation in the 
basement of Telephone House revealed backfilled brick vaults below the building's 
sub-basement. Remnant foundations were not encountered under Fielden House 
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although the evidence obtained from adjacent buildings suggests their presence is likely. 
8.2.2.2 The Underground 
Just as the London Bridge area had been at the forefront of surface rail 
developments in the capital so it was with the underground railway. Construction of the 
world's first underground railway network began in London during the 19"" Century with 
the building of the section of the Metropolitan Line between Paddington and Farringdon 
Street, a cut and cover tunnel (Day, 1977). The first deep tube line to be constructed in 
London, and the world, the City and South London Railway, which linked King William 
Street in the City with Borough and Stockwell on the south bank of the River Thames as 
shown in Figure 1.1, soon followed (Lee, 1967). These 3.099 m i.d. tunnels were hand-
mined through the London Clay using an open-face shield (Greathead, 1896), with the 
line being opened on 4 November 1890. The original tunnels of the C&SLR between 
King William Street and London Bridge were abandoned in February 1900, when a 
revised alignment between Borough and Moorgate, including a new station beneath 
Borough High Street at London Bridge, was opened (Lee, 1967); the abandoned tunnels 
of the C&SLR acted as ventilation ducts for the new station tunnels. These tunnels were 
enlarged between 1922 and 1924 (by which time they were part of the Northern Line) as 
part of a general refurbishment (Jones and Curry, 1927). A crossover tunnel, which 
links both running/station tunnels and is shown in Figure 8.12, is situated adjacent to 
London Bridge Post Office, between Borough High Street's junctions with St Thomas 
and London Bridge Streets. Additionally, a disused, short length shunting tunnel is 
located at this crossover. 
As shown in Figure 8.13, at the junction of Borough High Street and London 
Bridge Street, there are a number of tunnels and shafts associated with the adjacent 
underground works. Several tunnels link those beneath Borough High Street with two 
shafts, which are of 7.62 and 4.877 m i.d. and of the order of 28 and 24 m deep 
respectively, on London Bridge Street; the elevations of these tunnels vary. The upper 
level tunnels include a 2.895 m i.d. tunnel (see Section 8.2.3 below) as well as 3.048 
and 2.134 m i.d. ventilation tunnels, which both connect the abandoned C&SLR running 
tunnels with the 7.62 m i.d. The lower level tunnels include a 3.505 m i.d. cable tunnel, 
which connects into the base of the 7.62 m i.d. shaft from the northbound Northern Line 
station tunnel, as well as two 3.505 m i.d. passenger access tunnels, which link the 
station tunnels to the adjacent 7.925 m i.d. Northern Line escalator shaft. There are 
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several adits and cross passages, some of which have been abandoned, linking these 
access tunnels; they vary in diameter from 1.524 to 2.895 m i.d. 
As shown in Figures 8.13(e) and 8.13(f), a further tunnel, the long subway, an 
approximately 3.505 m i.d. pedestrian access tunnel, long since abandoned but which at 
one time linked the existing Northern Line with the adjacent mainline/suburban railway 
station to the east, runs beneath and approximately parallel to London Bridge Street at a 
depth of about 23 m below existing ground level. On opening in December 1901 (Lee, 
1967), its western end served as the southern passenger access to the Northern Line 
station tunnels. 
8.2.3 World War II 
From the beginning of the 19**" century until the Second World War, the banks of 
the River Thames at London Bridge were lined with multi-storey wharves and 
warehouses; these were important targets for German bombing raids in World War II. 
From late 1940 until 1942, the area suffered heavy damage as a result of repeated 
aerial bombardment. Numerous incendiary and high explosive bombs were dropped, 
causing damage to many buildings, erasing entire streets in some extreme cases. 
Craters exceeding 3 m in depth were created by this intensive bombing. Much of 
London Bridge railway station and the surrounding streets were destroyed. Remarkably, 
the Southwark Cathedral Chapter House was unscathed by the attacks. 
During this time the abandoned C&SLR tunnels running underneath Borough 
High Street, which are shown in Figures 8.11, 8.15(a), 8.15(c) and 8.15(d), were used 
as an air-raid shelter. To facilitate access, a tunnel, approximately 2.895 m i.d., was 
constructed some 9 m below and aligned approximately parallel to London Bridge 
Street. As shown in Figure 8.14, it ran westwards from outside the main entrance to 
Telephone House, descending in a series of steps towards London Bridge Street's 
junction with Borough High Street, where it connected into the abandoned C&SLR 
tunnels. The first 35 m of this access tunnel beside Telephone House was backfilled 
with mass concrete during the late 1950s/early 1960s; the remaining length of tunnel 
was given over for London Transport Executive use, with a short length of new tunnel 
being constructed at this time, connecting this length of tunnel to the 4.877 m i.d. shaft. 
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8.2.4 Post-War 
With the exception of the construction of Fielden House in the early 1950s, there 
was comparatively little development in the London Bridge area following the Second 
World War. It was not until the late 1960s/early 1970s that significant development took 
place, including the construction of New London Bridge House and Southwark Towers 
multi-storey office blocks. Such construction work coincided with improvement work at 
the adjacent London Bridge surface rail terminus. 
8.3 Case History Buildings 
The locations of the case history buildings studied at London Bridge during this 
research programme are shown in Figure 8.15. The basic geometrical details for each 
of the buildings are summarised in Table 8.1, while photographs of them are presented 
in Plates 8.1 to 8.8. The salient historical aspects of the case history buildings as well 
as descriptions of the fabric and structure of each, are given in the following sub-
sections. 
8.3.1 London Bridge Post Office 
As shown in Figure 8.15, the Post Office, 19A Borough High Street, is located on 
the eastern side of Borough High Street between its junctions with St. Thomas and 
London Bridge Streets, within the Borough High Street Conservation Area. The building 
itself is set back some 10 m from Borough High Street, being situated within the London 
Bridge 'block'oi buildings. 19A Borough High Street was occupied by the Royal Mail 
during the construction of the JLE, with the building being used as both a retail outlet 
Post Office (on the ground and mezzanine floors), and for office/storage accommodation 
in the three storeys above and basement below. 
London Bridge Post Office is a Grade II listed building. It was constructed in the 
early 1840s by Samuel Grimsdell as part of the final redevelopment of the St. Thomas's 
Hospital London Bridge site; it formed the south wing of a new raised courtyard within 
the hospital complex (see Figure 8.5). The Post Office is a 5-storey building, forming an 
irregular rectangle in plan and measuring approximately 38.0 m by 13.5 m, with 
load-bearing brick walls, which are generally clad in limestone ashlar blockwork in 
classical Greek style. The exception to this is the exposed upper portion of the 
south-eastern elevation, which comprises fair-faced brickwork. The blockwork cladding 
is reported to be between 100 mm and 120 mm thick and attached to the underlying 
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brickwork by ferrous metal cramps clipped to the masonry with mortises. Inspections in 
1986 found the cramps examined to be in good condition. 
Internally, with the exceptions of the basement and the main stairwell, the 
building is largely free of load-bearing walls or columns; non-load-bearing, lightweight 
partitions subdivide the interior into discrete offices. Internal decoration generally 
comprises suspended ceilings with vinyl wall coverings applied over plaster surfaces. 
The floors are either carpeted or covered with sheet vinyl. Intermediate floors comprise 
original timber construction. The uppermost floor of the structure is contained within a 
mansard-style roof and is concealed by a parapet running around the edge of the 
building. The roof coverings comprise slate and built-up felt and are considered to be 
relatively new (Mott MacDonald, 1995a). The single-storey basement consists of 
brick-lined vaults, which extend westwards beyond the current building line, occupying 
the area beneath the open space adjacent to Borough High Street. 
The foundations of the Post Office generally comprise an approximately three 
metre thick raft, consisting of a mix of one part lime to six parts of gravel; the raft bears 
on the Terrace Gravels. The raft steps down to a depth of about 0.6 m adjacent to the 
Chapter House. The building stands alone apart from at its south-eastern corner where 
it abuts the Southwark Cathedral Chapter House. The unusual nature of the building at 
this location, the narrow nib, was to maintain a symmetrical configuration for the original 
(now demolished) raised courtyard while retaining the Chapter House (see Figure 8.5). 
The lead flashings of the Chapter House seem, from visual inspection, to be dressed 
into the adjacent walls of the Post Office. Refurbishment in the mid-1970s included the 
construction of a reinforced concrete ground floor slab. 
A structural inspection of the western elevation of the Post Office building during 
the JLEP revealed two qualities of stone within the elevation; the masonry cladding at 
first floor level and above is of a higher quality than that below. Records indicate that a 
significant area of new stone was incorporated into the lower level during the 1970s 
refurbishment works; the original window opening within this elevation was blocked off 
and rendered over to match the surrounding masonry at this time. Numerous minor 
stone repairs were also noted during the inspection. Some complete blocks, particularly 
within the lower quality stonework, have been replaced. Additionally, numerous cracks 
were observed within the masonry cladding. These were generally random in nature 
and considered to be a result of either thermal effects or the inadequate provision of 
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movement joints within the stonework cladding of the elevation. 
8.3.2 Alam House 
Alam House, which is shown in Figure 8.15 and Plate 8.2, is located on the 
northern side of St Thomas Street, immediately to the south of the London Bridge Post 
Office building, between 19-21 Borough High Street and the Southwark Cathedral 
Chapter House. It is understood to have been constructed in the late 1980s and 
comprises a four-storey, glass and masonry clad, reinforced concrete framed structure 
with single level basement; the fourth storey is contained within a mansard-style roof. It 
forms a regular rectangle in plan, being about 26 m in length, a maximum of 8.5 m wide, 
and approximately 18 m high. The foundations of Alam House are understood to consist 
of a single, reinforced concrete raft bearing on the Terrace Gravels, its soffit being 
approximately 3.5 m below existing ground level. 
The front, south-facing elevation consists of brick spandrel panels with 
double-glazed windows above; this fagade has numerous, regularly-arranged openings. 
The main external, load-bearing columns of the reinforced concrete frame are set inside 
this facade. At the northern end of the building there is a lift shaft and stairwell to 
facilitate access to all levels; at the southern end of the building there is an external steel 
fire escape, which provides access to all floors. 
Alam House was in use during the JLEP as a health clinic and fitness centre with 
some office accommodation on upper floors, and remains as such today. 
8.3.3 The Southwark Cathedral Chapter House 
8.3.3.1 Building Description 
The Southwark Cathedral Chapter House, which is shown in Figures 8.16 and 
8.17, and Plate 8.3, is a Grade II listed structure; it comprises the former chapel and bell 
tower of the Church of St Thomas. The buildings are of brown-red brick construction 
with limestone dressings, in plain Queen Anne style. Together with the adjacent 
Collegiate and Mary Sheridan Houses, it forms one of the more important examples of 
Queen Anne architecture remaining in London. All three buildings are part of the 
Borough High Street/St Thomas Street Conservation Area. Although the buildings of 
9-15 St. Thomas Street collectively form a fagade about 60 m in length along, and set 
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back from, St. Thomas Street, and Collegiate House is linked to the chapel at ground 
and first floor levels, they are understood to be separate structures with their own 
foundations. Independent flank walls are provided where the buildings abut. The 
basement layout, discussed below, seems to contradict these statements. 
The present chapel and tower were constructed between 1700 and 1702 as part 
of the rebuilding of St Thomas=s Hospital at the end of the 17'7beginning of the 18"" 
centuries. These buildings, collectively the Church of St Thomas, formed part of the 
southern wing of the middle quadrangle of the hospital (see Sub-section 8.2.1 above). 
Between 1822 and 1862 the loft of the chapel served as an operating theatre for the 
hospital, having been 'fitted out'm 1821; the loft had previously been used to store 
medicinal herbs. Although St Thomas's Hospital relocated to Lambeth in the early 
1860s, the buildings continued to serve as a parish church until 1898, when it was 
deconsecrated. 
The buildings were reordered internally in 1901, and from then until 1980, the 
chapel served as the Chapter House of Southwark Cathedral. The chapel comprises a 
large hall with a loft and undercroft. At present, the hall and the undercroft are in use as 
office accommodation, while the loft space is currently occupied by the Old Operating 
Theatre Museum. The museum reception is located at first floor level of the adjacent 
bell tower. The second and third floors of the bell tower form the original belfry, from 
which the bells have long since been removed. A more recent, small single storey brick-
built structure, which is shown in Figure 8.16, on the western side of the tower, houses 
the museum toilets; the exact date of construction is not known, but it may originally 
have formed the vestry to the church. 
As shown in Figure 8.17, the chapel is rectangular in plan, approximately 18 m 
by 13.5 m and about 15 m high, with the bell tower projecting from its southwestern 
corner, approximately 6 m by 6 m in plan and about 26 m in height. The external walls 
of the chapel and bell tower are thought to be up to one metre thick (Mott MacDonald, 
1995b), although it is likely that there is a rubble core between the coursed brickwork 
skins. The southwest-facing, front elevation of the chapel, abutting St Thomas Street, 
has a plastered plinth with a moulded stone capping, rusticated stone quoins, a moulded 
stone cornice carried up through the middle in a pediment, and a brick parapet with a 
moulded stone capping and stone pedestals at either end. The plinth is raised over the 
former doorway to the cellar. Above the plinth are four tall, round-headed, timber-
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framed windows witln moulded stone architraves and cherub-headed keystones, and 
moulded sills connected by a flat continuous stone band. 
The northeast-facing, rear elevation of the chapel comprises two storeys; ground 
and first floors. The ground floor formerly consisted of an open cloister beneath the 
northern gallery of the church, which was divided into bays by stone columns of the 
Doric order that support an entablature carrying the wall of the upper storey. The 
cloister has subsequently been underbuilt, and the columns concealed, although two 
pilasters are exposed against the modern addition at the eastern end of the elevation, 
adjacent to Collegiate House. The former southern wing of St Thomas's Hospital, 
currently London Bridge Post Office, conceals the western end of this elevation (see 
Plate 8.4(c)). The remainder of the upper storey is divided into four bays by Ionic 
pilasters standing on pedestals, with separate entablatures and a continuous modillioned 
eaves-cornice. Each bay has a tall square-headed window with rubbed brick arch, flush 
moulded frame; below each window there is a projecting stone pedestal, with a moulded 
capping forming the window-sill. 
The chapel roof is of the mansard type, with segmental-headed dormer windows 
in both southwest and northeast-facing slate-clad lower elevations, as well as a large, 
metal-framed rooflight over the old Operating Theatre in the upper, lead-clad part of the 
roof. The main roof structure comprises massive timber trusses, typically at a 2.75 m 
centre-to-centre spacing, and spanning about 13 m between the front and rear external 
walls; the standard truss configuration adopted has been modified in the area of the Old 
Operating Theatre to provide a 7.5 m clear span. 
Internally, the chapel walls and ceilings are plastered and painted throughout, 
with an enriched modillioned plaster cornice at their junction. On the northern and 
western sides of the hall are early 18'^  century galleries with panelled fronts and oak 
mouldings, accessed by a staircase of similar age. In the eastern corner of the northern 
wall below the gallery, a doorway leads to the corridor, which was formerly part of the 
open walkway of Edward Square (see Sub-section 8.2.1 above and Figure 8.5); three 
Doric columns are partly-exposed in the northern wall of this passageway. The old 
reredos remains against the eastern wall. It stands on a panelled plinth with bolection-
moulded panels and comprises three bays; the middle bay of which is flanked by fluted 
Corinthian pilasters supporting entablatures and a curved pediment. The lower part of 
the plinth has been concealed by a modern platform. The other walls of the chapel are 
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panelled to window-sill level with a corresponding moulded cornice. 
The cellar, a plan of which is shown in Figure 8.17(a), consists of three barrelled 
vaults. Of the three vaults, two are located directly below the hall and aligned parallel to 
the longitudinal facades of the chapel. The third vault is situated immediately to the east 
of the chapel and aligned approximately perpendicular to the longitudinal facade of the 
chapel. This vault is located beneath the western part of Collegiate House, beneath 
what was originally the Porters Lodge of St Thomas's Hospital (see Figure 8.5). The 
foundations of the barrel-vaults are understood to comprise simple 'mfafa/e'footings 
bearing on the Terrace Gravels, which support the overlying chapel. These foundations 
may in part be those of the previous church that occupied the site. The foundations of 
the adjacent bell tower are understood to be similar, bearing on the Terrace Gravels at 
approximately the same level. Neither the chapel or the bell tower were underpinned 
prior to the construction of the JLEP in the vicinity. 
The bell tower consists of three floors above existing ground level, which 
comprise timber embedded into the tower walls, and is divided externally into three 
sections by flat stone bands. A moulded cornice surmounted by a brick parapet with a 
moulded stone capping completes the tower; there are stone pedestals at the angles 
and in the middle of each face of the parapet. At the corners of the tower, below the 
moulded cornice, there are rusticated stone quoins. At the middle and upper levels of 
each wall of the tower there are round-headed windows with moulded architrave and 
plain keystone; timber louvres have been provided in these openings. 
There are two entrances to the tower at ground level, in eastern and southern 
walls. The eastern opening comprises a square-headed doorway with moulded 
architrave and cornice. The opening in the southern wall consists of a square-headed 
doorway with moulded architrave flanked by panelled pilasters with scroll-brackets 
supporting a moulded cornice and segmental pediment above a pulvinated frieze. 
Above both doorways are circular windows with moulded stone architraves; the 
corresponding circular opening on the western elevation has been infilled with brick. 
Internally, there are openings in all four walls at ground level. Those in the eastern and 
southern walls form the rear arches of the external doorways while the western opening 
provides access to the turret-staircase. The square-headed opening in the northern wall 
opens into the main hall of the church. 
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8.3.3.2 Building Condition 
Both building condition and structural surveys of the chapel and bell tower were 
undertaken by the technical contractor for the JLEP works at London Bridge, prior to the 
commencement of underground construction in the vicinity. As part of the building 
condition survey, a schedule of all existing defects of the structure, fixtures and fittings, 
as visible at the time of inspection, was compiled. These surveys revealed that the walls 
of both the chapel and bell tower appeared to be plumb throughout, with window and 
door frames free of distortion. Historical 'stitch' repairs to cracks in the external walls of 
the bell tower were, however, noted. In addition, a number of cracks were observed in 
the external masonry features of the tower; string course stones having been replaced in 
certain areas. The cracking also observed to the external masonry above the eastern 
opening to the bell tower may be indicative of past differential movement between the 
tower and the adjacent chapel; it did not appear to be serious (Mott MacDonald, 1995b). 
Additionally, a number of substantial cracks were noted internally within the bell tower. 
These cracks were generally sub-vertical in orientation, located between openings and 
up to 10 mm in width. At one location, a masonry block at the crown of an arched 
opening appeared to have dropped slightly. In contrast to the external cracking, which 
has been repaired, the internal cracking has been left largely unattended. Historical 
defect monitoring of some of these internal cracks, comprising glass tell-tales, which 
were installed across the cracks in the early 1960s, indicated little continued wall 
movement over the intervening 30 years (see Plate 8.4(d)). 
Internally within the chapel, the finishes to the walls and ceilings were considered 
to be in generally fair condition for a structure of this age, with only fine cracks being 
observed over certain window openings and in the ceiling of the hall, and in the vaults of 
the undercroft. No signs of dampness or water penetration were noted. It was 
concluded that the chapel building was structurally sound but that there were a number 
of sub-vertical cracks between openings, creating a line of weakness down the centre of 
each wall of the bell tower. 
8.3.4 Collegiate House 
Collegiate House, which is shown in Figures 8.17 and 8.18, and Plate 8.4, is a 
Grade II listed structure, situated between the Southwark Cathedral Chapter House and 
Mary Sheridan House (see Sub-section 8.3.3.1 above for further details). It comprises 
what was the house of the Treasurer to St Thomas's Hospital (A), the Porters' Lodge (B) 
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and subsequent infill between these buildings as well as several more recent additions 
to the rear C, D and E). The Treasurer's house was built in 1704 on the site of the old 
Governors' Hall as part of the rebuilding of St Thomas's Hospital at the end of the 
17'7beginning of the 18'^  centuries. A Queen Anne style Town House, together with the 
Church of St Thomas and the Porters' Lodge, it formed the southern wing of the middle 
quadrangle, Edward Square, of the rebuilt hospital (see Sub-section 8.2.1 above). The 
Porters' Lodge was built around about the same time. 
Following the relocation of St Thomas's Hospital to Lambeth in the early 1860s, 
Collegiate House became offices for the railway companies, who were developing the 
adjacent terminus. Between 1901 and 1980 the building served as an annexe to the 
Chapter House next door. From 1980 up until the present time it has been in use as 
office accommodation. 
Presently, Collegiate House forms a largely regular rectangle in plan, 
approximately 18.5 m long and 15 m wide, and consists of four storeys together with an 
attic and cellar, and is about 15 m in height. It consists predominantly of solid load-
bearing brickwork construction with suspended timber floors; the exception to this 
configuration is at the rear of the building, where the main wall above first floor level is 
carried by a beam and column arrangement. 
The southwest-facing, front elevation, which comprises seven bays, is not of the 
original date, having been rebuilt later in the 18"" century. In addition, the main entrance 
on the western side of this elevation comprises an infill dating from 1896, when the 
carriageway into the former central courtyard of the hospital was enclosed. The 
doorway comprises a stone, square-headed opening; panelled pilasters of the Doric 
order have been superimposed on the jambs and reveals. The doorway on the eastern 
side of this elevation also has panelled pilasters, scroll brackets and broken pediment. 
There are regular openings on the first and second floors, consisting of sash windows in 
stucco-lined reveals with flat, gauged-brick arches; brick string courses delineate the 
floors. Historic deformation of the brickwork is apparent within this elevation, particularly 
at high level, at the junction with the Chapter House. 
The rear, northeast-facing elevation of Collegiate House is similar in 
configuration to that of the adjacent Chapter House. Originally it was part of the open-
walkway on the southern side of Edward Square, a colonnade carrying the wall above. 
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Where exposed, this colonnade has been underbuilt. The lower part of the western end 
of the elevation is concealed by a more recent one-storey addition (D); a further more 
recent single-storey unit (E), abuts this addition. Columns, comprising cast iron with a 
plaster finish, support the elevation via cast iron girders, which are disguised as timber 
by a plaster finish. 
Above the colonnade, the levels of Collegiate House and the adjacent Chapter 
House do not coincide although the construction is of a similar nature: flat, gauged-brick 
arches to sash windows separated by Ionic pilasters. The pilasters, which rest on 
pedestals uniform with those of the adjoining church, and rise up through two storeys to 
an entablature, divide the facade into four bays. There are two square-headed windows 
in each bay, one to each floor. The nib on the eastern side of the elevation indicates 
where the courtyard once returned; this return was demolished in 1896. In contrast to 
the front facade of the building, this elevation is considered to be largely of the original 
date. The exceptions are the infill at the western end of the facade (D), and the eastern 
margin, which is mortar rendered and painted over the full height of the building (C). 
The roof structure is of the mansard type, having been raised in 1987 as part of 
refurbishment works to the building, and accommodates the third floor and attic of the 
building. It comprises a steel frame structure with slate covering and brickwork party 
walls. At third floor level, to the rear of the eastern part of the building, there is a small 
area of flat roof, which accommodates air conditioning plant and an external steel fire 
escape leading to ground level. Internally, many of the original walls have been 
replaced and few original features remain. Decoration generally consists of plaster and 
emulsion paint on ceilings and walls. 
Collegiate House is an agglomeration of buildings and extensions, and this is 
reflected in the basement area of the building footprint as shown in Figure 8.17, where 
there appear to be two, separate basements. The basement beneath the western part 
of the footprint is related to the original Porters Lodge and Church of St Thomas (see 
Sub-section 8.3.3.1 above). The basement beneath the eastern half of the footprint is 
that of the original Treasurer's House. The foundations of both basements are thought 
to comprise shallow 'ruibWe'footings. Details of the foundations of the later infill between 
these buildings are not known but assumed similar. The foundations of the more recent 
additions are assumed to comprise shallow, spread footings. 
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8.3.5 Mary Sheridan House 
Mary Sheridan House, which is shown in Figure 8.15 and Plate 8.5, consists of a 
terrace of three, Nos. 11 -15 St Thomas Street, constructed as part of the rebuilding of St 
Thomas's Hospital at the end of the 17'%eginning of the 18'^  centuries, as well as the 
adjacent, more recent 'L-s/iapec/'buildings with single-storey annex, Nos. 17-19 St 
Thomas Street. For descriptive clarity, this collective of buildings has been divided into 
two 'blocks'as shown in Figure 8.19, based on date of construction and proximity to the 
underground works. Block 'A' consists of the three Georgian town houses with recent 
single storey extension to the rear, while Block 'B' comprises those buildings largely 
constructed towards the end of the 19'^  century. 
Although the buildings of Block 'A' form part of a collective fagade about 60 m in 
length along St. Thomas Street, they are understood to be entirely separate structures 
with their own foundations; independent flank walls are provided where the buildings 
abut. However, there are no construction joints evident. The buildings are of traditional 
brickwork construction with masonry load-bearing walls supported by shallow footings; 
they have suspended timber floors and slated mansard roofs. 
Nos. 11 and 13 are Grade II* Listed buildings while No.15 is a Grade II Listed 
structure. Together, these buildings originally formed part of the southern wing of the 
easternmost quadrangle of St Thomas's Hospital, Clayton Square (see Sub-section 
8.2.1 above). With the relocation of the hospital to Lambeth in the early 1860s these 
buildings became the property of the railway companies, and were used as offices 
during the redevelopment of the area. At present the buildings are in use as office 
accommodation for the Lewisham & North Southwark Health Authority. 
Both Nos. 11 and 13 St Thomas Street form irregular rectangles in plan, 
approximately 7.5 m long and 17.5 m wide, and are each about 18 m in height 
(maximum). They both comprise three storeys with additional attic and sunken 
basement and are arranged in three bays. The facades consist of mixed red and yellow 
brick with stucco bands above ground and second floors; there are regular openings at 
each level of each bay, consisting of square headed windows with gauged, flat brick 
arches to revealed sash windows. The stucco band above ground floor level between 
Nos. 11 and 13 does not quite coincide, there being a step-up at this junction. Both 
buildings have slate-clad mansard style roofs with dormer windows, behind a brick 
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parapet. 
No. 15 St Thomas Street is the easternmost of the terrace of three and 
comprises the original, early 18'^  century Queen Anne style Town House together with a 
19"" century extension. It is of similar height to Nos. 11 and 13 St Thomas Street, 
comprising three storeys with additional attic and sunken basement, and also forms an 
irregular rectangle in plan, approximately 12.5 m long and 15 m wide, and is configured 
in four bays. There are regular openings at each level of each bay, consisting of square 
headed windows with gauged, flat brick arches to sash windows; the first floor window 
above the front door is in a segmental-headed recess. The original facades consist of 
mixed yellow and red brick with stucco bands above ground and second floor levels. 
The slate-clad mansard roof of No.15 is similar to those of Nos. 11 and 13, with dormer 
windows behind a brick parapet. 
Historic deformation of the brickwork is apparent within the front, southwest-
facing elevation of Nos. 11 to 15 St Thomas Street. Internally, many of the original walls 
have been replaced and few original features remain. 
The 19"" century extension, Block 'B', largely encloses the easternmost part of 
the front car parking area (see Figure 8.19). The buildings occupy the site originally 
occupied by the stable and yard of the Treasurer to St Thomas's Hospital. They 
comprise three storeys plus an attic within a slate-clad mansard roof. The annex to this 
building consists of a single-storey brick structure with a flat roof. 
As part of comprehensive refurbishment works to Nos. 11-15 St. Thomas Street 
(Bock 'A') in 1977, the existing brickwork strip footings were underpinned by reinforced 
concrete strip footings (Bowden Sillet, 1977). The strip footing width was increased from 
its original 600 mm to 1200 mm; Rolled Steel Joists provided the connection. In 
addition, both suspended and non-suspended 150 mm thick reinforced concrete ground 
slabs were constructed to replace the original timber floors. 
At ground floor level, the existing structure to the rear of the building was 
refurbished. Existing footings were removed, 'grubbed out to a minimum of 300 (mm) 
below new beam and slab soffits', and replaced by 150 mm thick non-suspended 
reinforced concrete ground slabs on a minimum 230 mm deep bed of 'well consolidated' 
hardcore. The foundation bearing level was to be 3.5 m below existing ground level, the 
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anticipated formation comprising a dense brown sandy clay. 
Universal beams and columns were also provided at ground and first floor levels, 
both in addition to, and to replace existing structural members. Additionally, the existing 
structural connections were strengthened, and the roof propped and jacked-up. 
8.3.6 Telephone House 
As shown in Figure 8.15 and Plate 8.6, Telephone House, Nos. 10-18 London 
Bridge Street is located next to the BT Building on London Bridge Street. It was 
constructed in 1915 and is understood to have been one of the first purpose-built 
telephone exchanges constructed within the London area. Telephone House comprises 
a seven-storey structure, clad largely in clay brick, which forms an irregular rectangle in 
plan, of the order 55.5 m long by 13.5 m wide. The ground floor elevation of the front, 
northeast-facing facade, the window sills and lintels of subsequent floors, and the fourth 
floor and parapet roof level stringlines of this facade, are all clad in limestone ashlar 
blockwork. At the time of the JLEP the rear, south-facing fagade was clad largely in 
sand/lime bricks. Both the brickwork and masonry facings, although weathered, were 
considered to be in relatively good condition. 
Telephone House is a hybrid type of structure with the floors comprising 
reinforced concrete beam and slab construction supported by a combination of solid 
masonry walls, reinforced concrete columns and concrete encased steel stanchions. 
The steel columns encased in concrete have replaced some of the original load-bearing 
walls. The external, perimeter masonry walls and two of the interior brickwork walls of 
Telephone House are load-bearing and typically about 300 mm thick. It is thought, given 
the age of the building, that lime mortars would have been used in the construction of 
these walls, which would make the building more tolerant to subsequent settlement than 
its more modern counterparts such as the reinforced concrete framed BT Building next 
door. Mortars normally consist of sand and binders. Traditionally, the binder has 
comprised either lime or cement. Pure lime mortars are relatively weak while pure 
cement mortars may be stronger than the stone or brick bedding on it (I.Struct.E., 1996). 
If the mortar is too strong any cracks in the masonry may go through the stone or brick 
rather than follow the jointing pattern. 
The floors of Telephone House consist generally of steel beams spanning 
between the load-bearing walls and columns, with steel cross-members cast within a 
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120 mm thick concrete slab spanning between these beams, completing the 
arrangement. Concrete cover to the steel cross-members is only about 10 mm typically. 
As a result, the floor slab is weakest in the vicinity of these cross-members. During 
construction of the JLE, movements, which caused cracking in these areas, highlighted 
the shortcomings of this detail. The load carrying capacity of the lower ground floor 
appears to have been upgraded by the provision of timbers pinned up to the soffit of the 
corresponding floor slab and supported by steel beams built into and spanning between 
the basement walls. The internal decoration generally consists of suspended ceilings, 
an emulsion finish to plastered wall surfaces and floor coverings, comprising carpet, 
parquet wood block or vinyl sheet. Non-loadbearing lightweight partitions have been 
used to sub-divide individual floors into discrete units. The slate-clad pitched roof is 
supported by steel trusses, which span between either the front and rear load-bearing 
fagade walls or the front fagade and intermediate longitudinal walls. 
The foundations of Telephone House comprise reinforced concrete strip footings, 
typically 0.8 m deep and varying between 0.8 m and 1.1 m in width, resting on the 
Terrace Gravels. Trial pits excavated in the sub-basement revealed that the width of the 
strip footing supporting an internal load-bearing cross wall appeared to be greater than 
that supporting the adjacent exterior wall; pieces of broken brick were also noted within 
the aggregate of the concrete. The load-bearing walls extend down to a depth of 
approximately 2.1 m below the sub-basement, where they rest on the strip footings. On 
exposure, both the sub-surface brickwork and underlying foundation were found to be in 
good condition. The layout of the external and remaining internal load-bearing walls 
suggests that the original foundation resembled a grid-like pattern in plan. Excavation 
beneath the sub-basement of Telephone House also revealed the remains of backfilled 
brick vaults. 
Telephone House is situated between 8 London Bridge Street, a three storey 
building with two level basement, and the BT Building. On construction of the BT 
Building in the 1970s, the view from the windows in the eastern gable-end wall of 
Telephone House was totally obscured. These windows were removed, and rectangular 
recesses formed up the middle of this elevation. These recesses were further deepened 
by the removal of the material forming the construction joint between the buildings, the 
plaster finish of Telephone House being applied directly to the exterior wall of the BT 
Building. The subsequent behaviour of this finishing during construction of the JLE 
underground works was instructive in determining the magnitude and orientation of the 
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relative movement between the two structures. 
Only five of Telephone House's seven storeys are visible from London Bridge 
Street; both the basement and sub-basement are hidden from view. At the western end 
of Telephone House, at ground level, an access road leading from London Bridge Street 
to the rear courtyard area traverses the structure via an archway. Additionally, at the 
eastern end of the building, access can be gained to the adjacent brickwork arches, 
which support London Bridge Street. The pavement lights of London Bridge Street in 
the vicinity, are supported on small reinforced concrete beams spanning between 
Telephone House and the adjacent brickwork arches. Otherwise, there is generally no 
structural continuity between the two. During construction of the JLE, Telephone House 
was largely unoccupied. The building was sold in 1996 and subsequently re-developed 
during the final stages of the underground construction works in the summer of 1997. 
8.3.7 The BT Building 
The BT Building, Nos. 20-26 London Bridge Street, which is shown in Figure 
8.15 and Plate 8.7, is the middle of the three buildings in this street studied as part of 
this research programme. It was constructed in the mid-1970s and comprises an 'L-
shapecl'{\n plan), six-storey reinforced concrete framed structure. The building 
superstructure consists largely of precast reinforced concrete elements. The front and 
rear elevations both consist of fair-faced cavity wall construction, with a 
semi-engineering brick outer skin and a concrete block inner skin. Each storey height of 
cavity wall is supported by the outer edge of the precast reinforced concrete floor slab. 
The floor slabs, with exposed aggregate finish, form an integral part of the building 
facades. The main staircase and lift shaft are in the southwestern corner of the building, 
while the fire escape staircase is in the southeastern corner. The main roof is flat in 
nature. 
The construction joints between the BT Building and, both Telephone and 
Fielden Houses, are assumed to have been similar in nature, an 80 mm gap filled with 
60 mm thick soft wooden particle board. The joint between the BT Building and 
Telephone House has been removed. Internally, non-load-bearing lightweight partitions 
have been employed to sub-divide each floor into discrete office units. The finishes and 
decoration to the building generally comprise sheet vinyl/emulsion/plaster coverings to 
the walls, carpet tiles on a 75 mm screed for the floors, and mineral fibre tiles suspended 
from the soffits of the floor slabs for the ceilings. 
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The pre-JLEP foundations of this building were nominally 460 mm diameter 
bored cast-in-piace reinforced concrete piles, arranged in groups of between 2 and 15 
piles, connected by pile caps and ground beams. Back analysis indicated that the pile 
toe level was of the order of 19 m below existing ground level, i.e. the level of the 
courtyard area to the rear of the building, in the underlying London Clay above the 
proposed underground station. The remnant foundations of the brickwork railway 
approach arches were encountered beneath the building footprint during underpinning 
operations; the arches originally encroached within the northern edge of the footprint. It 
is understood that when these arches were demolished the strip foundations, 
approximately two metres wide and one metre deep, were left insitu. 
As with the adjacent Telephone and Fielden Houses, only four of the BT 
Building's six storeys are visible from London Bridge Street; the basement and 
sub-basement are hidden from view. 
8.3.8 Fielden House 
As shown in Figure 8.15 and Plate 8.8, Fielden House, Nos. 28-30 London 
Bridge Street, is located at the top of London Bridge Street next to the 
mainline/suburban railway station. Fielden House was constructed in 1952 and is an 
example of war damage reconstruction on a restricted site (The Architects Journal, 
1954). It comprises a seven-storey reinforced concrete framed structure and forms an 
irregular rectangle in plan. The building superstructure largely consists of precast, with 
some insitu, reinforced concrete elements. Precast wall columns are joined by sill 
members, to form '/-/'frames, while secondary beams span between these wall columns. 
Additionally, but with the exception of the third floor level, a central reinforced concrete 
spire beam spans between central columns below each floor. The floors of the building 
consist of prestressed concrete. The structure is clad in glass, ceramic tiles and 50 mm 
thick artificial stone facings, which hang from the columns and beams of the building 
frame, and it has a flat roof. 
The foundations of Fielden House comprise nominally 400 mm diameter bored 
cast insitu reinforced concrete piles, arranged in groups of between three and six, linked 
by 1000 mm deep pile caps and 450 mm thick ground beams. Back analysis indicated 
that pile toe level was of the order of 20 m below the existing ground surface level, i.e. 
the ground level in the courtyard area at the rear of the building, which is within the 
underlying London Clay above the proposed sub-surface infrastructure. On London 
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Bridge Street, tiie foundations have been constructed some two metres behind the 
building line, the structure behaving as a cantilever. 
Similarly to the BT Building, Fielden House is such that, in general, only four of 
its seven storeys are visible from London Bridge Street; both the basement and 
sub-basement are hidden by the elevated nature of London Bridge Street (see Figure 
8.11), whilst the structure forming the top floor is set back from the facade. Access can 
be gained to the brickwork arches supporting London Bridge Street from the 
sub-basement of Fielden House, which is at a similar level. In addition, there is an 
access road, which links this network of arches with the courtyard to the rear of Fielden 
House; it traverses the western end of the structure at sub-basement level. As shown in 
Figure 8.20, the six storeys, which have been built above this access road, cantilever 
out in a generally westwardly direction from the main building superstructure. 
Finally, reinforced concrete beams, which cantilever out from the 
northeast-facing facade at ground floor level, support the pedestrian pavement, which 
runs alongside London Bridge Street. During construction of the JLE, it was largely 
unoccupied. 
8.4 Potential Damage Assessment 
Stage II assessments (Burland, 1995), were carried out in the early 1990s for all 
the case history buildings at London Bridge under investigation in this thesis, by the 
technical contractor for the JLE Contract 104 subsurface works. The maximum, 
immediate volume loss ground settlements predicted'to occur within the building 
footprints due to the then proposed JLE works, together with the corresponding 
maximum building slopes are summarised in Table 8.2. The subsequent classification 
(after Rankin, 1988), for the purposes of potential damage assessment, are also 
tabulated. In all cases the adoption of compensation grouting protective measures was 
recommended. Mandatory compensation grouting ground treatment works within the 
London Clay beneath the structures were subsequently included as part of the 
construction contract. In addition, permeation grouting of the Terrace Gravels was to be 
undertaken in the vicinity of the hand-excavated shafts and vents, including the escalator 
tunnels, and ventilation and emergency escape shafts. 
The settlement 'predictions'vjere based on the original underground layout, the 
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adoption of conventional shield tunnelling and hand-mining techniques, and traditional 
empirical prediction methods for greenfield sites, making no allowance for the effects of 
overlying structures. The effects of cumulative tunnel construction were not addressed. 
The values assumed for the various parameters used in the predictions were based on 
the technical contractor's experience of tunnelling in similar ground conditions elsewhere 
in the London area. 
As part of the potential damage assessment process, and in advance of the 
commencement of underground construction in the vicinity, building condition and 
structural surveys were carried out for all of the case history buildings. The condition 
survey included the compilation of a schedule of all the existing defects of the structure, 
fixtures and fittings, as visible at the time of inspection. 
In the case of London Bridge Post Office these surveys revealed that although 
the building was in need of some attention - its external condition was variable - it was 
generally considered to be structurally sound. Internally, there was also little evidence of 
distress with, in general, only random superficial cracking of both horizontal and vertical 
plaster surfaces. Large areas of dampness and spalling plaster/rendering were, 
however, noted in the basement, generally, together with areas of water penetration. 
Two of the vaults, located beneath the south-eastern nib of the building, adjacent to the 
Southwark Cathedral Chapter House, and the roadside vaults to the north-west, 
appeared, from visual inspections, to be exhibiting some signs of distress, with 
numerous indications of dampness and occasional signs of water ingress. Both window 
and door frames in the floors above, however, appeared to be free of distortion. 
These inspections also revealed that Collegiate House appeared to be 
structurally sound throughout. All exposed brickwork appeared to be sound with no 
indications of it being out of plumb or bulging; window and door frames also appeared to 
be free of distortion. Locally, however, the stone cornice at first floor level on the rear 
elevation of Collegiate House appeared to have dropped with some associated minor 
cracking and weathering of the masonry. The rendered inner face of the brick parapet 
atop the front facade was also cracked and in poor condition generally. Internally, the 
finishes to the walls and ceilings were in generally good condition; some minor cracking 
was observed in the ceilings. A localised area of damp was noted in the SW corner of 
the building at second floor level, and leakage around windows reported by the 
occupiers. Apart from these no other signs of dampness or water penetration of the 
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building envelope were evident. 
Although Mary Sheridan House had been redecorated internally in the 12 months 
preceding the inspections, defects were still visible. Most of the defects noted were 
located in the plant rooms and basement storage areas; the vaults were reported to be 
very damp. In the remaining parts of the building the defects recorded, occurred at the 
junctions of walls, partitions and ceilings. Overall, Mary Sheridan House was considered 
to be in good condition internally. Externally, it was observed that the brickwork was 
generally very old and weathered with numerous hairline cracks evident across 
individual bricks. Some settlement of the rear walls was also noted. In general, 
however, the external order was also considered to be good. 
In the case of Telephone House these surveys revealed that the building was in 
generally good condition both internally and externally, with none of the observed 
defects suggesting a structural weakness. Window and door frames were generally free 
from distortion. Some cracking was observed in the ashlar stone lintels, and a loss of 
mortar noted from some of the joints in the stringline stonework. In addition, it was 
observed that the mortar in the joints of the rear elevation brickwork had been 
significantly affected by weathering. Internally, a recurrent defect, parallel cracking at 
window reveals, sills and ceilings was noted. This cracking was orientated both 
horizontally and vertically, with a maximum crack width of approximately 1 mm. 
The BT Building appeared to be structurally sound throughout with no obvious 
signs of the structural fabric having been adversely affected by its environment (Mott 
MacDonald, 1995c). No cracking was observed in the external brickwork elevations or 
adjacent mortar joints, which were intact and in a good state of repair throughout. 
Although damp patches were noted internally on the rear wall at ground level, this was 
attributed to a sanitary problem and not associated with any structural defect. The 
surveys of Fielden House revealed that, given its age, the building was in reasonable 
condition both internally and externally. The minor defects that were noted included 
several associated with past movement, particularly at the eastern end of the structure, 
for example leakage through the northeast-facing wall of the eastern stairwell below 
pavement level. 
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8.5 Protective IVleasures 
In addition to the general protective measures implemented throughout the site 
(see Sub-section 6.3 of Chapter 6), specific structural measures were also undertaken 
for particular buildings as detailed below. 
8.5.1 The Southwark Cathedral Chapter House 
On the basis of pre-construction surveys and inspections, it was concluded that 
the chapel building was structurally sound but that there were a number of sub-vertical 
cracks between openings, creating a line of weakness down the centre of each wall of 
the bell tower. Strengthening measures comprising the installation of external straps, 
horizontal tie bars, at six levels around the tower, were subsequently implemented. 
Each of the galvanised, threaded, 20 mm diameter, High Yield Steel bars was bolted to 
brackets at the corners of the tower and each rod tightened to an initial tension of 100 
tonnes. At the same time, the window openings in the tower were timber-strutted, and 
containment mesh placed around vulnerable features. 
8.5.2 The BT Building 
Construction of the eastern escalator tunnel shaft beneath the footprint of the BT 
Building, would result in the truncation of several of the piles supporting this structure. 
To facilitate the underground works, these piles had to be cut back, in some cases 
reducing their length by as much as 7 m. Underpinning works to both compensate for 
the resultant loss in load-carrying capacity of the piled foundation and maintain the 
structural integrity of the building were subsequently prepared. As shown in Figure 
8.21, the made ground beneath the building was removed and replaced by a mass 
concrete slab, approximately 4.2 m thick, bearing on the Thames Terrace Gravels. The 
underlying remnant foundations of the railway approach arches were not removed during 
these operations, rather incorporated into the underpinning foundation slab; the requisite 
connections were made with needles formed of rolled steel joists. Depending on the 
nature of the stratum on which they were founded these masonry structures were also 
underpinned. 
8.5.3 Fielden House 
As shown in Figure 8.22, underpinning works were also carried out to the 
existing piled foundations, in the southeastern corner of the Fielden House building 
footprint, beside the proposed location of the eastern ventilation shaft. Although not 
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conflicting directly with the JLE tunnelling works it was considered that the close 
proximity of the shaft to this part of the building would adversely affect the load-carrying 
capacity of some of the existing piles in this area. Protective measures, comprising the 
underpinning of the three existing piled foundations in this zone, were implemented 
between 8 September and 10 October 1994. The corresponding pile caps were 
constructed between 10 October and 2 December 1994. Each of the foundations was 
underpinned by groups of between four and six, nominally 200 mm diameter, bored cast 
insitu reinforced concrete pressure grouted mini-piles; the corresponding pile caps 
underpinning the existing ones. Pile toe level remained within the Terrace Gravels, 
above the JLE underground works. Numerous obstructions were encountered during 
these piling works. 
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Chapter 9 -
Overall surface settlement 
response 
This chapter summarises the overall surface settlements recorded in the vicinity 
of London Bridge underground station on the JLE during its construction. Settlement 
development along both longitudinal and transverse sections through the station 
complex is described. The measured displacements are related to those anticipated 
based on the construction works undertaken. The observed response is compared to 
Class C1 (Lambe, 1973) predictions of immediate volume loss settlement in the absence 
of compensation grouting protective measures. 
9.1 Introduction 
In order to meaningfully interpret settlement monitoring data it is necessary to 
relate the observed movements to all of the construction activities that may have 
contributed to the response recorded. The most efficient method of evaluating the 
validity of a large dataset of settlement monitoring records such as that collated at 
London Bridge, is to compare the observed settlements over relatively well-defined 
periods with those anticipated based on the construction works undertaken during these 
times. 
Normally, these comparisons are undertaken through contouring of the datasets. 
Anomalous readings, usually appearing as a number of concentric contours centred on 
a particular monitoring point, are readily identified. Such readings could be indicative of 
an unexpected response or, more commonly, either a construction activity that has not 
been accounted for or an erroneous measurement. In the case of the London Bridge 
data, however, concerns over the reliability of some of the monitoring point locations as 
well as the completeness of the database of measured displacements, precluded the 
adoption of such a strategy. 
Instead, the surface settlement response was investigated by examining in detail 
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the behaviour of a number of precision level monitoring points situated on sections 
orientated in both longitudinal and transverse directions to the general alignment of the 
station layout, throughout underground construction. The locations of the eight sections 
are shown in Figure 9.1, while the precision level monitoring points examined for each 
section are presented in Figures 9.2 to 9.9. Only those points whose locations were 
considered reliable were used. 
9.2 Surface Settlement Database 
Before presenting a detailed commentary on the surface settlement response, it 
is important to acknowledge the limitations of the data. The accuracy of the data has 
been put in context in Chapter 7 but there are other aspects that must also be 
considered when characterising the overall surface settlement response. The 
installation and commissioning of the precision level monitoring points was a staged 
process, with monitoring commencing in the west and advancing in a generally easterly 
direction, corresponding with the progression of the sub-surface works. In addition, 
some of the monitoring points were installed at specific times and for particular 
purposes. The data obtained from such points are for limited periods within the overall 
monitoring programme and have to be carefully incorporated into the database of 
observed movements. The frequency of surveys was also variable and not just related 
to the nature of the ongoing works or stage in the construction programme. Other 
constraints include: 
(a) with the progression of the works it may not have been possible to survey 
particular monitoring points, either temporarily or permanently; 
(b) surveys may not have been made at particular times (for reasons 
unknown); 
(c) not all the monitoring points may have been surveyed on each particular 
occasion (for reasons unknown); 
(d) the data was collected through several complementary survey traverses, 
the timing of these traverses may not always have coincided; 
(e) the surveys were undertaken but the data is not now available; 
(f) the data is understood to exist but has not been made available; 
(g) the data is available but the locations of the monitoring points is not 
known, either entirely or with certainty; 
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(h) the movement of the control datums that were used and their subsequent 
adjustment; 
(i) the unrecorded use of local datums; 
(j) changes to the base readings of individual points; 
(k) the installation of additional monitoring points once settlement had 
commenced. 
Due to the congested, urban nature of the environment at London Bridge, the 
monitoring points generally comprised socket and bolt arrangements, installed within the 
facades of buildings, i.e. the monitoring points are generally within about 300 mm of the 
ground surface. Some of the points were installed in the arches and car parking areas 
beneath London Bridge Street, or comprised surface pins installed within adjacent 
roads, or, where access was particularly problematic, consisted of etched steel plates, 
for example the rear facades of both the Southwark Cathedral Chapter House and 
Collegiate House. The accuracy and reliability of these latter forms of monitoring point is 
much less than those of the former. 
Although primarily based on the results of settlement predictions and potential 
damage assessments, the dense urban environment in which the underground works 
took place also imposed constraints on the precision level monitoring point layout, 
resulting in a less than ideal distribution of points. The orientation of some of the 
surface buildings to the general station layout, for example Telephone House, means 
that there is not the same density of monitoring points for some of the section lines, for 
example Section A-A, which is aligned along the eastbound running/station tunnel axis. 
Notwithstanding these constraints, a trend is clear from the dataset that has been 
compiled. A hierarchy of points was established during monitoring, with particular points 
being surveyed on a much more frequent basis than others. In certain cases the 
reasons for this frequent/infrequent activity is clear: the nature of the ongoing 
construction works, the destruction of monitoring points, or the structures in the vicinity. 
In some cases, however, the reasons are less clear. 
Based on the above, the validity of the data is considered more important than 
the corresponding accuracy, particularly given the overall magnitudes of the movements 
recorded. In assessing its validity, the data has been subject to comprehensive review. 
As part of this process spurious/erroneous readings have been deleted from the dataset, 
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and corrections applied, where necessary. The revised monitoring results have been 
compiled into a database upon which the present analysis and interpretation is based. 
Settlement contour plots were not prepared as it is considered, given the above, that 
such plots have the potential to mislead. 
9.3 Construction Sequence 
As shown in Figure 9.10, numerous construction activities took place, including 
both tunnel excavation and ground treatment, most of which coincided either wholly or in 
part, during the construction of London Bridge underground station on the JLE. The 
locations of the various tunnels, shafts and adits that form the station complex, and their 
extent, are shown diagrammatically in Figure 6.3 of Chapter 6. The areas subject to 
permeation grouting and compensation grouting ground treatment are shown in Figures 
6.34 and 6.35, respectively. As shown in Figure 9.10, the permeation grouting ground 
treatment operations were largely complete by the end of the first quarter of 1996, while 
the compensation grouting protective measures effectively ceased to be applied on a 
large-scale during August 1996. Details of the construction methods adopted to form 
the various sub-surface structures as well as information concerning the implementation 
of the various ground treatment techniques employed at the site are given in Chapter 6. 
The progress of the more significant tunnels and shafts that form the JLE London Bridge 
underground station, are shown graphically in Figures 6.8, 6.9, 6.11 and 6.12; the 
Southwark Cathedral Chapter House is shown on these figures to serve as a general 
point of reference. 
The overall construction/monitoring sequence is presented in bar chart format in 
Figure 9.10. The dates selected to define construction/monitoring periods, nos. 1 to 22, 
on this figure are based on excavation progress and the occurrence of compensation 
grouting ground treatment episodes in conjunction with the settlement data recorded for 
the station as a whole. The periods thus defined are intended, as far as practicable, to 
delineate changes in the trends of overall settlement development. The numbers given 
to the construction monitoring periods shown in Figure 9.10, correspond with those 
given on the accompanying time-settlement plots and profiles. 
Construction of the underground station was extremely complex and as a result a 
number of activities, which would be expected to contribute relatively minor movements, 
for example the near-surface excavations associated with the Borough High Street 
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Ticket Hall, or for which sufficient information regarding their progress is not currently 
available, for example elements of the Northern Line improvement works, have been 
omitted. More complex sequences were prepared when consideration was being given 
to the response of the individual case history buildings to the various construction 
activities; these sequences are detailed in Chapters 10 and 11. 
9.4 Surface Settlement Behaviour 
To facilitate the investigation of the overall surface settlement response to the 
construction of the underground station, the behaviour along eight section lines, the 
locations of which are shown in Figure 9.1, was compiled. Three of these sections are 
aligned in an approximately longitudinal direction and five arranged in an approximately 
transverse orientation to the general station layout. All of the sections captured 
significant features of the underground construction works. The monitoring points 
considered along each section line are shown in Figures 9.2 to 9.9. A ten metre wide 
zone to either side of each section line was employed when collating the data; the 
measured values obtained for those monitoring points offset from each section line have 
not been corrected for this offset. 
The time-vertical displacement behaviour of representative precision level 
monitoring points along each section line, are presented in Figures 9.11 to 9.18; 
negative values of vertical displacement represent settlement. The 
construction/monitoring sequence presented in Figure 9.10, is superimposed upon the 
profiles. Only data considered to be in gross error have been omitted from the profiles. 
Otherwise, the data has not been refined to take account of survey inaccuracy. The 
selection of the precision level monitoring points was based on their proximity to the 
section line, the associated construction works undertaken in the area as well as the 
behaviour displayed through the data; they illustrate particular aspects of the surface 
settlement response to underground construction. The progress of the more significant 
tunnels are also shown on these figures, both pilot tunnel and subsequent enlargement, 
in terms of lattice arch girder completion; lattice arch girders were installed generally 
after every metre of advance. 
Detailed profiles of the surface settlement response along the section lines, at 
salient times identified from the time-settlement plots, are presented in Figures 9.19 to 
9.43. For clarity and ease of understanding only a minimal number of profiles have been 
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included in these figures. The dates of the survey traverses have been selected based 
on correlations with significant movement episodes identified from the corresponding 
time-vertical displacement plots, construction records and anticipated movements. As 
far as possible consistent sets of data have been plotted on these profiles. However, in 
some cases, for example where data is sparse, it has been necessary to include data 
from different dates. Class C1 (Lambe, 1973) predictions of immediate, volume loss, 
greenfield surface settlement prepared by the author are also shown on these figures for 
comparative purposes. In these estimates, a volume loss of 2% and trough width 
parameter of 0.5 are assumed for all the sub-surface structures; superposition is 
employed to determine the overall movements. A representative ground level of 104.5 
m.P.D. is also assumed. The form of the surface settlement trough is approximated by 
a Gaussian distribution curve in the transverse plane to the tunnel axis, while a 
cumulative probability curve defines the trough in the corresponding longitudinal 
direction. In this chapter, when discussing the green field surface settlement profiles 
both descriptive terms 'prediction'and 'estimate'are used in describing their formulation. 
Strictly speaking, given the dependence of the volume loss on so many disparate 
variables, the use of the word 'prediction' \Nhen describing the green field surface 
settlement may be misleading. At best, ground movements can only be 'estimated' 
based on experience. Thus in this chapter, the terms 'prediction' an6 'estimate'are 
interchangeable and of similar meaning. 
The corresponding grout injection intensity contour plots, which show the 
assumed areal distribution of grout injected during the compensation grouting ground 
treatment operations for the entire station area, are shown in Figures 9.44 to 9.49. In 
the following sub-sections, the longitudinal sections are considered initially, with 
significant responses subsequently being correlated with the corresponding responses 
of the appropriate transverse sections before the overall surface settlement behaviour is 
characterised. 
9.4.1 Longitudinal Response 
As shown in Figure 9.1, surface settlement development in the longitudinal 
direction is described by taking section lines through the three most significant sub-
surface structures orientated in this direction; Section A-A, which is aligned along the 
axis of the eastbound running/station tunnel; Section B-B, which is aligned along the axis 
of the station concourse tunnel, and Section C-C, which is aligned along the axis of the 
westbound running/station tunnel. The longitudinal response is summarised in the 
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following sub-sections. 
9.4.1.1 Section A-A 
Section A-A, which is shown in Figure 9.1, is aligned along the axis of the 
eastbound running/station tunnel. It traverses the junction between the IMR and western 
ventilation tunnels, as well as the JLE/NL interchange passage, and runs approximately 
parallel to the alignments of the eastern and western escalator shafts, and the western 
ventilation and concourse tunnels. With the exception of the western ventilation tunnel, 
these shafts and tunnels are all located to the south of the section line; this areal 
distribution has a significant influence on the subsequent surface settlement response 
observed. The more significant aspects of the behaviour of the five representative 
settlement points situated along Section AA, precision level monitoring points, nos. 
1431, 1767, 1783, 1322 and 1231, are summarised in the following paragraphs. Time-
settlement profiles showing the response of these monitoring points to the various 
construction activities are presented in Figures 9.11(a) to 9.11(g). The profiles have 
been delineated in accordance with the construction sequence numbering shown in 
Figure 9.10. 
For precision level monitoring point, no. 1431, which is situated at the western 
end of the station adjacent to the Borough High Street ticket hall, the most significant 
settlement episode occurs during Period 7 and the first part of Period 8, when the 
excavation of the IMR tunnel and the enlargement works to the eastbound station tunnel 
are undertaken in the vicinity. As shown in Figure 9.11(b), about 10 mm of vertical 
displacement is measured. Much of this movement is corrected for soon thereafter 
through compensation grouting ground treatment. Monitoring point, no.1431, settles a 
further 10 mm at a relatively uniform rate during the remainder of the construction 
phase. 
The precision level monitoring points situated within the central part of Section 
AA, nos. 1767, 1783 and 1322, which are all installed within building facades, are 'held 
up' relatively well by the compensation grouting protective measures until Period 12 (see 
Figure 9.11(b)). As shown in Figures 9.11(c) and 9.11(d), monitoring point, no. 1783, 
which is situated within the southwest-facing facade of Telephone House, is raised 
above its original base reading at the beginning of Period 11 and largely maintained in 
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this position throughout this period (see Sub-section 10.2.1.2 for a detailed discussion 
of this behaviour). Similarly, monitoring point, no. 1767, which is positioned within the 
northeast-facing facade of LBPO, is returned to its original base reading and maintained 
in this position during Period 11. Monitoring point, no. 1322, which is located within the 
northeast-facing facade of Telephone House, is maintained in approximately the same 
position throughout Period 11. As shown in Figure 9.11(e), by the second half of Period 
15, the overall magnitude of vertical movement recorded for each of these points 
exceeds that of monitoring point, no. 1431. At the end of this period, the three 
monitoring points exhibit settlement of the same order of magnitude. In previous 
periods, the vertical displacement measured at monitoring point, no. 1322, was greater 
than that of the others. 
Monitoring point, no. 1231, which is located within the wall adjacent to the access 
road to the underground car park of New London Bridge House (see Figure 9.2), is 
unaffected by the compensation grouting protective measures and this is reflected in its 
response to the adjacent construction activities and the corresponding magnitudes of the 
settlements recorded. As shown in Figure 9.11(d), it responds markedly to the 
enlargement of the eastbound running/station tunnel pilot, with approximately 25 mm of 
settlement being measured in Period 11. This activity accounts for much of the 
immediate volume loss settlement observed at this position. Thereafter, monitoring 
point, no.1231, settles at a relatively uniform rate until the end of underground 
construction, during which time about a further 25 mm of vertical displacement is 
recorded. 
In general, between Periods 16 and 18, and into the first half of Period 19, the 
monitoring points on the flanks of the section line settle at a relatively uniform rate, of the 
order of 2 mm per month, while those in the middle, precision level monitoring points, 
nos. 1783 and 1322, settle at more than twice this rate, in excess of 4 mm per month 
(see Figures 9.11(f) and 9.11(g)). During the second half of Period 19, monitoring 
points, nos. 1767, 1783 and 1322, exhibit a relatively rapid increase in the rate of 
subsidence before resuming a more uniform rate of settlement, similar to that of 
monitoring point, no. 1231, in Period 20. These responses correspond with the 
excavation of the pilot headings for the JLE/NL interchange passage and the 
enlargement works to the intermediate horizontal concourse of the eastern escalator 
shaft. The reasons for the erratic behaviour recorded for monitoring point, no. 1431, at 
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the beginning of Period 19 are unclear. 
Longitudinal surface settlement profiles along Section A-A are presented in 
Figures 9.19, 9.20 and 9.21, for Periods 11,13 and 15, respectively, during which times 
the station tunnel pilot enlargements, and concourse tunnel pilot and subsequent 
enlargement were undertaken. The corresponding incremental grout intensity contour 
plots are shown in Figures 9.46, 9.47 and 9.48, respectively. As shown in Figure 9.46, 
during Period 11, grout injection is concentrated beneath the northeastern flank of the 
London Bridge 'block'oi buildings, along the collective facade of Telephone House, the 
BT Building and Fielden House on London Bridge Street, and beneath the front facades 
of the Southwark Cathedral Chapter House and Collegiate House to the south. This is 
evident in Figure 9.19, with little settlement being recorded for monitoring points, nos. 
1320 to 1324; significant vertical displacements, of between 10 and 15 mm, are 
measured to either side. The vertical displacements measured within the London Bridge 
'block'oi buildings indicate heave in response to the compensation grouting protective 
measures, while those beneath London Bridge Street and to the east indicate 
progressively increasing settlement. The excavation face of the eastbound station 
tunnel enlargement works is in the vicinity of these monitoring points at this time (see 
Figure 9.11(c)). 
In Period 13, grout injection, which is presented as contours of grout intensity in 
Figure 9.47, is concentrated beneath the southwestern flank of the London Bridge 
'block'oi buildings, in the vicinity of the Southwark Cathedral Chapter House; relatively 
little grout is injected beneath Section A-A. The excavations in progress at this time are 
associated with the concourse tunnel to the south of Section A-A. The corresponding 
settlements recorded along Section A-A, of up to 10 mm, which are shown in Figure 
9.20, reflect this areal distribution of construction activities. Little movement is measured 
on the flanks of the section line while heave is indicated for those monitoring points 
installed within the southwest-facing facade of Telephone House. As shown in Figure 
9.48, in Period 15, grout injection, is limited to the area beneath the building footprints of 
the LBPO, Alam House and the Southwark Cathedral Chapter House, to the south of 
Section A-A. Much greater, in excess of 30 mm within the central part of the London 
Bridge 'block'oi buildings, and more widespread settlements are recorded along Section 
A-A at this time (see Figures 9.11(e) and 9.21) as the concourse tunnel pilot is 
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enlarged. The corresponding longitudinal green field surface settlement trough is much 
larger in extent and focussed on the London Bridge 'block'oi buildings, approximately 
coincident with the maximum incremental vertical displacements recorded at this time. 
In general, above the main station layout, the measured settlements are very 
much less than the green field estimates. In Period 15, when the application of 
compensation grouting protective measures was relatively limited, the measured 
settlements, at between 30 and 40 mm, are typically less than half those predicted. 
9.4.1.2 Section B-B 
As shown in Figure 9.1, this section is located about midway between Section A-
A and Section C-C, and is approximately coincident with the axis of the central 
concourse tunnel. Most of the other sub-surface structures associated with the 
underground station are located symmetrically about this tunnel. The exceptions are the 
respective ventilation tunnels, which are situated in diagonal opposition; the western 
ventilation tunnel to the north and the eastern ventilation tunnel to the south of the main 
station layout. Figures 9.12(a) to 9,12(g) illustrate the time-settlement behaviour of the 
representative precision level monitoring points, nos. 1716, 1722, 1729,1732, 1798, 
1785, 1333, 1229 and 1383, which are situated throughout Section B-B, to the various 
construction activities. 
Up until the middle of Period 8, as shown in Figures 9.12(a) and 9.12(b), the 
monitoring points undergo various upward and downward movements in response to the 
ongoing excavation phases and corrective compensation grouting episodes; the 
settlements of the various monitoring points along Section B-B are generally maintained 
within ±10 mm of the initial readings. The exception to this general behaviour is 
exhibited by monitoring point, no. 1229, which is situated in the vaults beneath London 
Bridge Street and thus not subject to compensation grouting protective measures. 
Settlement of the order of 10 mm is recorded on the passage of the eastbound station 
tunnel pilot at the end of Period 4 (see Figure 9.12(b)). Otherwise, this monitoring point 
behaves in a similar manner to the others along Section B-B over this period. 
As shown in Figure 9.12(c), a divergence in behaviour is evident at the end of 
Period 8. In contrast to the responses of the other precision level monitoring points 
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along Section B-B, which start to settle more definitively, monitoring points, nos. 1798 
and 1785, are subject to heave. Both points are returned close to their initial datum 
readings and largely maintained in these positions throughout Period 9. At the 
beginning of Period 10 both points are subject to marked vertical displacement; all the 
monitoring points display overall settlement in the range 5 to 10 mm at this time. The 
behaviour of monitoring points, nos. 1798 and 1785, again diverges from that exhibited 
by the others in Period 11. While the other points change little, these points are subject 
to significant heave, rising above their initial datum readings. They are maintained in 
these positions for much of this period. 
In Periods 12 through to 14, the monitoring points generally experience 
settlement of a uniform rate (see Figure 9.12(d)). The exceptions to this general 
behaviour include precision level monitoring point, no. 1722, which exhibits a marked 
response to the excavation of the concourse tunnel pilot in Period 13, with approximately 
10 mm of settlement being recorded. Monitoring point, no. 1716, which is situated within 
the northeast-facing facade of Barclays Bank and thus largely outwith the zone of 
influence of this particular tunnel excavation, settles little in comparison throughout 
Periods 12 to 14. 
The most significant vertical displacements are recorded during Period 15, when 
the central concourse pilot tunnel is enlarged (see Figure 9.12(e)). Compensation 
grouting ground treatment operations had largely ceased in the vicinity by this time. 
Monitoring points, nos. 1722, 1729, 1732, 1798 and 1785, undergo marked increases in 
overall settlement, from approximately 22, 22, 13, 6 and 6 mm to about 37, 47, 37, 39 
and 27 mm respectively. A 'wave' effect, corresponding to the progression of the 
excavation face of the concourse tunnel enlargement works, is evident in the data. The 
application of compensation grouting protective measures obscures such effects during 
the construction of the adjacent station tunnels. The monitoring points on the flanks of 
the section line, in contrast, exhibit little response. Monitoring point, no. 1333, which is 
located within the front facade of the BT Building, does not display a marked increase in 
subsidence, continuing to settle at an approximately uniform rate throughout this period. 
This point is located to the east of the central concourse tunnel and as such its response 
is influenced more by the adjacent pilot tunnel excavations for the intermediate 
horizontal concourse of the eastern escalator shaft. 
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Settlement In Periods 16 through to 18, which is shown in Figure 9.12(f), is 
relatively uniform in nature for the monitoring points situated along Section B-B. The 
construction activities carried out during this time are located throughout the site: the 
western escalator shaft, the JLE/NL interchange passage and works associated with the 
eastern escalator shaft and eastern ventilation tunnel. 
With the exception of those monitoring points situated on the flanks of the 
section line, the monitoring points generally behave in a similar manner to those 
considered along Section A-A during Period 19 (see Figure 9.12 (g)), exhibiting a 
marked increase in the rate of settlement during the second half of the period. 
Monitoring points, nos. 1722 and 1729, do not exhibit any marked increase in settlement 
at this time. Settlement in Periods 20 and 21 is generally uniform in rate for all of the 
monitoring points along Section B-B. 
In Figures 9.22, 9.23 and 9.24, longitudinal surface settlement profiles are 
presented along Section B-B for Periods 11,13 and 15, respectively, during which times 
the station tunnel pilot enlargements, concourse tunnel pilot and subsequent 
enlargement were undertaken. The corresponding incremental grout intensity contour 
plots are shown in Figures 9.46, 9.47 and 9.48, respectively. As shown in Figures 9,19 
and 9.22, the vertical displacements measured along Section B-B during Period 11, are 
of a relatively similar nature and magnitude to those recorded along Section A-A at this 
time. Little movement is recorded in the vicinity of Telephone House and the BT 
Building on London Bridge Street, the focus for grout injection during Period 11 (see 
Figure 9.46). 
The most significant settlements, of the order of 10 mm, which occur during 
Period 13 (see Figure 9.23) are located at the junction between Alam House and the 
Southwark Cathedral Chapter House on the southwestern flank of the London Bridge 
'block'buildings. As shown in Figure 9.47, grout injection is concentrated in this area 
at the time, with the excavations for the concourse tunnel pilot in progress. This 
behaviour is similar to that displayed along Section A-A. Much greater vertical 
displacements, of between 30 and 40 mm in some cases, and which are shown in 
Figure 9.24, occur during the enlargement of the concourse tunnel pilot in Period 15. 
The corresponding grout intensity contour plot, which is shown in Figure 9.48, indicates 
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that grout injection was focussed beneath the Alam House building footprint at this time. 
In all three cases, the longitudinal surface settlement profiles predicted for the 
green field simulation are much greater than the corresponding measured profiles within 
the central portion of Section B-B, above the main station layout. The combination of 
the protective measures applied and the beneficial effects of building stiffness in 
modifying the green field surface settlement profile have more than negated any adverse 
effects resulting from the interaction between adjacent tunnels. 
9.4.1.3 Section C-C 
Section C-C, which is shown in Figure 9.1, runs along the axis of the westbound 
running/station tunnel, approximately parallel to the alignments of the western escalator 
shaft, the concourse tunnel and the eastern escalator shaft. It traverses the junctions 
with the IMR and the eastern ventilation tunnels. With the exception of much of the 
eastern ventilation tunnel, these shafts and tunnels are all located to the north of the 
section line; this areal distribution of the sub-surface structures is reflected in the 
responses recorded during underground construction for the precision level monitoring 
points in the vicinity of Section C-C. Time-settlement profiles showing the response of 
the representative monitoring points, nos. 1424, 1464, 1712, 1059, 1733, 1762, 1336, 
1209 and 1202, to the various construction activities are presented in Figures 9.13(a) to 
9.13(g). 
The precision level monitoring points along this section line have been arranged 
into three groupings: those located at the western and eastern ends, and those 
remaining, in the central part of the section line. Monitoring point no. 1424, which is 
situated on the western extremity of the section line, behaves quite differently to those to 
the east, reflecting its location in relation to the station complex. As shown in Figure 
9.13(a), it responds to the westbound running tunnel drive in September 1994 during 
Period 1, settling almost 10 mm. The other monitoring points along Section C-C are 
largely unaffected. The running tunnel drive was subsequently halted just to the east of 
this monitoring point following the Heathrow Express collapse in October 1994. In the 
six months or so that followed, when excavation was 'in abeyance', the overall 
subsidence of this monitoring point increased at a relatively uniform rate to between 15 
and 20 mm (see Figures 9.13(a) and 9.13(b)). Little further settlement of this 
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monitoring point is recorded during the remainder of underground construction. As 
shown in Figure 9.13(d), the total downward movement at the end of Period 12 is about 
20 mm; there is little data for this point beyond April 1996. 
Precision level monitoring point, no.1464, which was installed within the 
northwest-facing column of the piled office block of New City Court, exhibits relatively 
little response to any of the construction activities, even the excavation of the adjacent 
westbound running/station tunnel in March/April 1995. Settlement of between about 5 
and 10 mm is recorded during underground construction. 
Monitoring point no.1712, which is situated within the northeast-facing facade of 
the Georgian terrace of New City Court, above the westbound station tunnel, responds 
to the excavation of the pilot tunnel in Period 4, and the subsequent enlargement in 
Period 6 for this sub-surface structure, as shown in Figure 9.13(b), by settling about 5 
mm on each occasion. The imposition of corrective compensation grouting is evident in 
both cases. Subsidence continues at a relatively uniform rate of about one mm/month, 
approaching an overall settlement of approximately 20 mm by the end of Period 16 (see 
Figure 9.13(f)). With the exception of two periods in December 1996 and February 
1997, when limited compensation grouting ground treatment operations were 
implemented, inducing heave beneath the building footprint of the Georgian terrace of 
New City Court, continuing settlement beyond this time in the construction sequence is 
relatively uniform in nature at about 0.8 mm/month. 
With the exception of monitoring point, no. 1059, for the monitoring points 
situated within the central part of the section line, nos. 1059,1733, 1762 and 1336, 
vertical displacements are largely kept within ±10 mm of the initial base readings up until 
Period 10. The most significant instances of settlement and heave occur for these 
points in Periods 4, 11, 15 and 20, respectively. As shown in Figure 9.13(b), monitoring 
points, nos. 1733, 1762 and 1336, are subject to heave of the order of 5 to 10 mm at the 
beginning of Period 4 during the excavation of the station tunnel pilots. Monitoring point, 
no. 1336, is subject to further heave of the order of 6 mm during Period 11 (see Figure 
9.13(c)), and settles approximately 8 mm in response to the excavation of the 
intermediate horizontal concourse of the eastern escalator shaft during Period 20 (see 
Figure 9.13(g)). In Period 15, the enlargement of the concourse tunnel pilot results in 
-214-
Chapter 9: Overall surface settlement response 
marked settlement at monitoring points, nos. 1059 and 1733, of approximately 15 and 
20 mm magnitude, respectively (see Figure 9.13(e)). Otherwise, settlement occurs at a 
generally uniform rate for these monitoring points; alternate troughs and peaks 
corresponding to excavation phases and grouting episodes are superimposed upon this 
overall behaviour. The rate of settlement displayed by monitoring point, no. 1059, does 
vary, being generally uniform for defined periods. 
Of the representative precision level monitoring points along Section C-C, nos. 
1202 and 1209, on the eastern flank of the section-line, exhibit the greatest overall 
vertical displacements in response to the various construction activities. Both these 
points settle at a generally uniform rate up to Period 10, with overall settlements of 
between 25 and 30 mm by the end of this time. Data is not available beyond Period 10 
for monitoring point, no. 1209. Monitoring point, no. 1202, continues to settle at a 
relatively uniform rate until the middle of Period 11, when, as shown in Figure 9.13(d), 
more marked settlement, of the order of 10 mm, is recorded. This vertical displacement 
is attributed to the excavation of the westbound running tunnel to the east of the 
underground station, and adjacent to monitoring point, no. 1202. Further marked 
settlement occurs in the second half of Period 15 (see Figure 9.13(e)). Vertical 
displacement of approximately 20 mm magnitude, is observed in response to the 
passage of the eastern ventilation tunnel. Otherwise, settlement of a relatively uniform 
rate is recorded for monitoring point, no. 1202. 
Only two longitudinal profiles are presented for Section C-C: for Periods 11 and 
15, when the pilot tunnels of the station and concourse tunnels were enlarged, 
respectively. As shown in Figure 9.25, the vertical displacements recorded during the 
enlargements of the station tunnel pilots in Period 11, are concentrated beneath London 
Bridge Street; settlements of between 10 and 20 mm are recorded. The development of 
settlement reflects the areal distribution of the sub-surface works in progress (see 
Figure 9.13(c)). As shown in Figure 9.46, the longitudinal extent of the vertical 
displacements measured is curtailed by the application of compensation grouting 
protective measures in the vicinity. 
In Period 15, greater, in excess of 20 mm, vertical displacements are measured 
(see Figure 9.26), largely at the Interface between St Thomas Street and the 
-215-
Chapter 9: Overall surface settlement response 
southwestern flank of the London Bridge 'block'oi buildings. The limited compensation 
grouting that took place in Period 15 (see Figure 9.48) is concentrated beneath the 
Alam House building footprint, to the north of Section C-C. Both longitudinal profiles are 
comfortably contained within the corresponding green field simulations for each 
construction/monitoring period. 
9.4.2 Transverse Response 
As shown in Figure 9.1, the development of surface settlement in the transverse 
direction is described by taking section lines at five locations along and approximately 
perpendicular to the longitudinal axis of the station complex; Section D-D, which is 
located on the western extremity of the station layout; Section E-E, which is situated at 
the western end of the station concourse; Section F-F, which is positioned at the centre 
of the station layout approximately; Section G-G, which is situated at the eastern end of 
the station concourse; and Section H-H, which is located on the eastern extremity of the 
station layout. Amongst other things, these sections cut through the IMR tunnel, the 
western escalator shaft, the concourse tunnel, the JLE/NL interchange passage and the 
eastern escalator shaft. The locations of the precision level monitoring points 
considered for each of the section lines are shown in Figures 9.5 to 9.9. The transverse 
response of these sections is summarised in the following sub-sections. 
9.4.2.1 Section D-D 
This section, the location of which is shown in Figure 9.1, traverses both the 
east- and westbound running/station tunnels as well as the western escalator shaft at 
about right angles as it runs approximately parallel to the line of the IMR tunnel. To the 
north it traverses the Northern Line as it runs beneath Borough High Street. The 
measurements made at six representative monitoring points situated along Section D-D, 
nos. 1442, 1436,1430, 1714, 1452 and 1459, are summarised in the following 
paragraphs. Time-settlement profiles showing the response of each point to the various 
construction activities are presented in Figures 9.14(a) to 9.14(g). 
Monitoring point, no. 1459, on the southern flank of this transverse section, and 
which was installed within the southwest-facing, retained facade of the piled office block 
of New City Court, exhibits little or no response to the various activities associated with 
underground station construction, the observed settlement/heave fluctuating about the 
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initial base reading for the point. 
As shown in Figure 9.14(c), up until Period 11, and in a sinnilar manner to 
monitoring point, no.1459, monitoring point, no.1442, which is located within the 
southwest-facing facade of No. 15 Borough High Street on the northern flank of this 
section line, exhibits little response to the various activities associated with the 
construction of the underground station. About mid-way through Period 11, however, 
and continuing into Period 12 before subsequently stabilising in Period 13, there is a 
marked increase in overall settlement to about 10 mm; this behaviour is attributed to the 
excavation of the western ventilation tunnel and adjacent underground construction 
associated with the accompanying Northern Line improvement works. A further 
incidence of marked settlement, in relative terms, attributed to the excavation of the 
Borough High Street southern escalator on the Northern Line, is observed during Period 
19 (see Figure 9.14(g)), when incremental settlement of about a further 10 mm is 
recorded, giving an overall subsidence of the order of 20 mm by that point in the 
construction sequence. The vertical displacement observed between Periods 13 and 
19, is essentially uniform in nature and indicative of consolidation settlement. 
Of the remaining monitoring points, precision level monitoring point, no.1714, 
which is situated above the westbound running/station tunnel, and monitoring point, 
no. 1430, which is located above the corresponding eastbound running/station tunnel, 
behave as expected given their relative locations to the underground works and the 
protective measures applied. As shown in Figures 9.14(b) and 9.14(c), monitoring 
point, no. 1714, responds to the passage of the excavation face of the westbound 
station tunnel enlargement works, while monitoring point, no. 1430, responds to the 
excavation of the adjacent IMR tunnel. Settlements of the order of 10 mm are measured 
during Periods 6 and 8 respectively. The response of monitoring point, no. 1430, in 
Period 8 is also due, in part, to the passage of the excavation face of the eastbound 
station tunnel enlargement works. The monitoring points on the southern and northern 
flanks of these points, monitoring points, nos. 1442 and 1436, display similar behaviour, 
albeit intermediate between that of these points and those on the extremities of the 
section, nos. 1459 and 1452. 
The maximum settlement measured along this section is maintained below 20 
mm until Period 12 (see Figure 9.14(d)), the settlements recorded being relatively 
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uniform in nature. In Period 13, the observed settlements are more marked, particularly 
for monitoring point, no.1430, and those points which flank it, nos. 1714 and 1436. This 
behaviour is attributed largely to the excavation of the temporary works access tunnel 
associated with the station concourse pilot tunnel, which was carried out at this time. 
As shown in Figures 9.14(e), 9.14(f) and 9.14(g), from Period 14 onwards until 
the end of the construction phase, settlement largely increases at a relatively uniform 
rate for the monitoring points along Section D-D. The maximum overall value, which is 
observed at monitoring point, no.1430, increases from about 25 mm to about 40 mm by 
the end of underground construction. The exception to this behaviour is displayed by 
monitoring point, no. 1442, at the end of Period 19/beginning of Period 20, when marked 
settlement, of the order of 10 mm, is recorded. This response is attributed to the 
excavation of the adjacent NL southern escalator shaft beneath Borough High Street. 
In the latter stages of underground construction, the vertical displacements 
recorded at monitoring point, no. 1714, are rather erratic; they are not the result of 
tunnelling-induced ground subsidence. The reasons for this behaviour, other than poor 
surveying practice, are unclear. 
The transverse surface settlement profiles along Section D-D, which are 
presented in Figures 9.27, 9.28 and 9.29, for Periods 6 to 8,11 to 13 and 19, 
respectively, during which times construction activities including the enlargements to the 
station tunnel pilots, the concourse tunnel pilot, and the western escalator shaft took 
place. The corresponding incremental grout intensity contour plots are shown in 
Figures 9.45 to 9.47. The representative vertical displacements recorded during 
Periods 6, 7 and 8, which are shown in Figure 9.27, are of the order of 10 to 15 mm 
maximum, and more typically less than 10 mm. There is little evidence of a surface 
settlement trough developing. Only a very subtle trough, slightly offset to the north of 
that predicted for the green field simulation is suggested. As shown in Figure 9.45, 
although compensation grouting was carried out in the vicinity of Section D-D at this 
time, it is concentrated to the east of this section-line. 
In Figure 9.28, transverse profiles of the vertical displacements measured during 
Periods 11,12 and 13 are shown. The development of a surface settlement trough. 
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approximately coincident with that predicted for the green field surface settlement 
formulation is evident in this figure. A maximum settlement in excess of 30 mm is 
measured at this time; the corresponding green field estimation is in excess of 60 mm. 
As shown in Figures 9.46 and 9.47, the provision of compensation grouting protective 
measures at this time, is relatively similar in areal extent to that for Periods 5 to 8, 
concentrated to the east of Section D-D. A narrower transverse settlement trough is 
evident from the measurements made during Period 19 (see Figure 9.29). A maximum 
settlement in excess of 40 mm, which is less than half that predicted for the equivalent 
green field simulation, is recorded. Along Section D-D, observed vertical displacements 
of less than 30 mm are more typical. The focus of the observed movements is 
approximately coincident with those of the green field surface settlement prediction, 
albeit the measured profiles are much smaller in magnitude and narrower in their overall 
extent. 
As shown in Figure 9.27, for Periods 6, 7 and 8, and in Figure 9.28 for Periods 
11,12 and 13, the transverse green field surface settlement trough prediction is 
approximately symmetrical about St Thomas Street. In Period 19, the transverse green 
field surface settlement trough, which is shown in Figure 9.29, is rather more 
asymmetric in nature, being focussed more towards the northern half of St Thomas 
Street. This is attributed, in part, to the close proximity of the temporary works access 
tunnel for the station concourse. Interestingly, for the profiles presented in Figures 9.27 
to 9.29, the measured settlements on the southern flank of Section D-D, are in relatively 
good agreement with those predicted by the green field surface settlement simulation. 
The monitoring points concerned, nos. 1459, 1460 and 1452, are all installed within the 
piled section of the New City Court building. 
9.4.2.2 Section E-E 
As shown in Figure 9.1, Section E-E, is located at the western end of the 
concourse tunnel, and aligned approximately perpendicular to this tunnel as well as both 
adjacent station tunnels and the western ventilation tunnel to the north. The western 
escalator shaft is immediately to the west of the central part of this section, while the 
station cross passages are situated close by, to the east. Time-settlement profiles 
illustrating the response of the representative precision level monitoring points on this 
section line, nos. 1311, 1776, 1768, 1726, 1711, 1709, 1454 and 1456, to the various 
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construction activities are sliown in Figures 9.15(a) to 9.15(g). 
As shown in Figure 9.15(a) and 9.15(b), up until the second half of Period 8, 
vertical displacements are generally maintained below 10 mm. Troughs and peaks 
representing episodes of tunnelling-induced ground subsidence and grout-induced 
heave are evident in the dataset of vertical displacements during this time. Two general 
groupings are apparent in the data. The movements recorded for those monitoring 
points on the flanks of Section E-E, nos. 1311, 1776 and 1456, fluctuate about their 
initial base readings; heave of up to 5 mm in magnitude, is indicated for much of the 
period. For the remaining monitoring points, situated within the central part of the 
section, settlements varying typically between about 5 and 10 mm are indicated. As 
shown in Figure 9.15(b), the passage of the westbound station tunnel pilot in the first 
half of Period 4 is evident through the behaviour of monitoring point, no. 1726, which is 
situated within the southwest-facing facade of the bell tower to the Southwark Cathedral 
Chapter House, with vertical displacement of approximately 5 mm being recorded. This 
displacement is corrected soon thereafter on the application of compensation grouting 
(see Figure 9.44). 
Towards the end of Period 8 (see Figure 9.15(c)), with the enlargements to both 
the east- and westbound station tunnels in progress in the vicinity, there is a further 
delineation in the data; more definitive trends in settlement become manifest at this time. 
The measured vertical displacements of the various monitoring points are not so closely 
clustered together, with their behaviour largely reflecting their position relative to the 
excavations in progress. Monitoring point, no.1726, clearly experiences greater overall 
settlement than the others, at between 15 and 20 mm. The precision level monitoring 
points, nos. 1711 and 1709, which are located within the northeast- and southwest-
facing facades respectively, of the Georgian terrace of New City Court on the south side 
of St Thomas Street, undergo vertical movements of between 10 and 15 mm. The 
movements recorded for the remaining monitoring points, which are located on the 
flanks of the section line, continue to fluctuate about their original datums. Overall, 
settlement in the four periods that follow. Periods 9 to 12, occurs at a generally uniform 
rate although short-term, alternate episodes of settlement and compensation grouting 
ground treatment are superimposed upon this behaviour. 
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As shown in Figures 9.15(d) and 9.15(e), the most significant incremental 
settlements are observed in Periods 13 and 15, when the excavation of the concourse 
pilot tunnel and subsequent enlargement works were undertaken. Settlements of the 
order of 10 and 25 mm, respectively, are measured at monitoring point, no. 1726, which 
Is situated directly above this tunnel. In Period 15, the response of this monitoring point 
is quite dramatic, the time-settlement curve being sharply concave in nature. The 
responses of the other precision level monitoring points, which flank monitoring point, 
no. 1726, are less marked, particularly in Period 13. Of those which experience 
significant vertical displacement, the response observed is more uniform in nature. 
Monitoring points, nos. 1709 and 1711, are subject to compensation grouting protective 
measures at this time, ameliorating their response. 
In Period 16, monitoring point, no. 1726, experiences settlement of just over 10 
mm; the nature of this vertical displacement takes the form of two approximately equal 
'steps', at the beginning and about mid-way through the period (see Figures 9.15(e) and 
9.15(f)). These 'sfeps'coincide approximately with the sequencing of the excavations of 
those station cross passages closest to the monitoring point, namely W1 and El . The 
other monitoring points along Section E-E experience continuing settlement of a 
relatively uniform rate at this time. 
A further 25 to 30 mm of vertical displacement is observed in the remaining 
periods of underground construction. This movement is generally uniform in nature and 
is attributed largely to consolidation settlement effects within the London Clay. The 
corresponding magnitudes of these displacements vary in accordance with the a real 
distribution of the monitoring points in relation to the underground works; monitoring 
point, no.1726, experiences the greatest rate of continuing settlement while those on the 
flanks experience the least. The exception to this behaviour occurs in the second half of 
Period 19, when excavations for the JLE/NL interchange passage and the NL southern 
escalator shaft beneath Borough High Street are in progress. A notable increase in 
subsidence is recorded for those monitoring points, nos. 1311, 1776 and 1768, on the 
northern half of Section E-E. As shown in Figure 9.15(g), relatively abrupt settlement of 
the order of 10 mm is recorded for these points at this time. 
In Figures 9.30 to 9.33, transverse surface settlement profiles are presented 
along Section E-E, for Periods 8, 13, 15 and 19, respectively, during which times 
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construction activities including the enlargements to the station tunnels, the formation of 
the concourse tunnel pilot and subsequent enlargement, and excavation of the JLE/NL 
interchange passage took place. The corresponding incremental grout intensity contour 
plots are shown in Figures 9.45 and 9.47 to 9.49. The green field surface settlement 
predictions for Section E-E presented in Figures 9.30 to 9.33, for 
construction/monitoring periods 8, 13, 15 and 19 are all asymmetric in nature. The 
corresponding measured vertical displacements form similar profiles. 
As shown in Figure 9.30, a significant transverse surface settlement trough only 
develops on the enlargement of the westbound station tunnel pilot in Period 8, with a 
maximum settlement of the order of 30 mm. Prior to this time period, vertical 
displacements are kept largely within 10 mm of the initial base readings. Within the 
London Bridge 'block'buildings, settlement is restricted to 10 mm throughout; grout 
injection is concentrated at the junction between the building footprints of Alam House 
and the Southwark Cathedral Chapter House (see Figure 9.45). This results in a much 
narrower and more asymmetric transverse surface settlement profile than that predicted 
for the green field case. 
In Period 13, representative profiles for which are shown in Figure 9.31, the 
maximum settlements measured, of approximately 30 mm, are similar to those 
presented in Figure 9.30, with settlement still focussed on St Thomas Street. The most 
significant change observed during this period is the settlement, of up to 10 mm in 
magnitude, along that part of the section line through the London Bridge 'block'of 
buildings. This behaviour is consistent with that indicated by the green field prediction of 
surface settlement for this period, whose nature is generally similar to that shown in 
Figure 9.30 for Period 8. The concourse tunnel pilot, which passes beneath the central 
part of Section E-E, is excavated during Period 13. As shown in Figure 9.47, a relatively 
limited amount of compensation grouting, concentrated along the northern side of St 
Thomas Street beneath the footprints of Alam House, the Southwark Cathedral Chapter 
House and Collegiate House, was carried out in response to this tunnel drive. The 
extent of these protective measures would have been restricted somewhat by the 
imposition of an exclusion zone on such operations in the vicinity of any unsupported 
excavation face. 
- 2 2 2 -
Chapter 9: Overall surface settlement response 
The vertical displacements recorded in Period 15, which are shown in Figure 
9.32, indicate an almost doubling of the maximum measured settlement, from about 30 
mm to almost 60 mm. The focus of the settlement has moved slightly and is now 
concentrated immediately to the north of St Thomas Street. This shift in focus is 
consistent with that predicted for the green field surface settlement trough, which is 
much narrower and deeper than in Period 13, with a predicted maximum settlement in 
excess of 100 mm. Significant incremental vertical displacements are recorded within 
the London Bridge 'block'oi buildings at this time. Compensation grouting protective 
measures are primarily concentrated beneath the Alam House building footprint in 
Period 15 (see Figure 9.48). 
In Period 19, the observed transverse surface settlement profile has a sharper, 
narrower appearance than was evident previously, particularly on its southern flank. The 
sides of the trough are approximately parallel to those predicted for the green field 
simulation, which retains the nature evident in Period 15. During this period, settlements 
increase within the northern half of the section, some by in excess of 10 mm, as work 
progresses on the JLE/NL interchange passage and on the NL improvement works 
beneath Borough High Street. 
9.4.2.3 Section F-F 
This section, which is shown in Figure 9.1, traverses the approximate centre of 
the station layout, crossing the central concourse and adjacent station tunnels, and the 
western ventilation tunnel, at approximately right angles. It is aligned approximately 
parallel to the JLE/NL interchange passage and the various station cross passages, 
which flank it. Time-settlement profiles illustrating the response of the representative 
precision level monitoring points, nos. 1302, 1317, 1783, 1732, 1065 and 1705, along 
this section line, to the various construction activities are presented in Figures 9.16(a) to 
9.16(g). 
As shown in Figures 9.16(a) and 9.16(b), up until Period 8 the vertical 
displacements recorded along Section F-F are confined to a relatively narrow band, 
approximately 5 mm either side of the initial base readings. Episodes of settlement and 
heave corresponding to tunnel excavation and compensation grouting ground treatment 
are evident within the dataset over this time, most notably in the second half of Period 3 
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(see Figure 9.16(a)) and the middle of Period 4 (see Figure 9.16(b)). 
The first signs of more significant vertical displacement are manifest in Period 8 
(see Figure 9.16(b)), with the enlargements to the station tunnel pilots in progress. The 
settlement of monitoring point, no.1732, which is located within the southwest-facing 
facade of Collegiate House, exceeds 10 mm for the first time during this period as the 
enlargement works to the westbound station tunnel pilot pass beneath. The road pin in 
St Thomas Street, monitoring point, no. 1065, behaves in a generally similar manner to 
monitoring point, no. 1732, at this time. The settlement recorded is of similar magnitude, 
the grout-induced peaks excepted. St Thomas Street, itself, was not subject to 
compensation grouting protective measures. The remaining monitoring points on 
Section F-F continue to behave largely as before; the vertical displacements measured 
for these points fluctuate about the respective initial base readings. 
Overall settlement of a relatively uniform nature is generally observed for the 
representative precision level monitoring points between Periods 8 and 15. The 
following are exceptions to this general behaviour. In Periods 9 and 11, monitoring 
point, no. 1783, which is located within the southwest-facing facade of Telephone House, 
is subject to episodes of grout-induced heave. For the greater part of Period 11 (see 
Figure 9.16(c)). it is 'jacked up'above its initial base reading. In contrast, monitoring 
point, no.1732, displays numerous peaks and troughs corresponding to alternate 
episodes of tunnelling-induced ground subsidence and grout-induced heave. The 
overall magnitude of settlement recorded for this point, at between 10 and 15 mm, does 
not change significantly during this time. The monitoring points on the extremities of 
Section F-F remain largely unaffected by the various construction activities. 
In contrast to the behaviour exhibited by the monitoring points on Sections D-D 
and E-E, the monitoring points on this section line, given its relative location, do not 
display a marked response to the passage of the pilot tunnel for the central concourse in 
Period 13. As shown in Figure 9.16(d), monitoring point, no. 1732, settles between 5 
and 10 mm but this movement is 'corrected' soon thereafter on compensation grouting. 
The excavation of the western ventilation tunnel in Period 14 causes settlement of 
approximately 10 mm to monitoring point, no.1317 (see Figure 9.16(d)), which is located 
within the northeast-facing facade of Telephone House, directly above this sub-surface 
structure. The other monitoring points along Section F-F exhibit little response to these 
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underground works. 
The most significant incremental vertical displacement, which is shown in Figure 
9.16(e), occurs in Period 15 during the enlargement of the concourse tunnel pilot. 
Precision level monitoring points, nos. 1317,1783 and 1732, respond to these works 
markedly, with incremental settlements of between 10 and 30 mm being recorded. The 
nature of the response differs between the points, however. Monitoring point, no. 1732, 
which is situated to the south of the concourse tunnel displays a concave settlement 
profile for this period. The majority of the settlement recorded, almost 30 mm, occurs in 
the middle of the period with the enlargement works excavation face in the near vicinity. 
In contrast, monitoring points, nos. 1317 and 1783, which are situated to the north of the 
main station layout, experience vertical displacements of the order of 15 and 20 mm 
respectively; these movements occur at a relatively uniform rate during Period 15. Once 
monitoring point, no. 1732, has undergone this distinct movement episode, the 
subsequent settlement observed for it during this period is also essentially uniform in 
nature. The rate of settlement recorded for both this point and monitoring point, 
no.1783, are similar by the end of Period 15. The remaining points on the flanks of the 
section line remain largely unaffected by the construction activities in progress. 
In the subsequent periods of the construction phase, the time-settlement 
behaviour of the representative monitoring points is generally uniform in nature although 
the individual rates vary. This is a reflection of the areal distribution of the precision level 
monitoring points generally, as well as in relation to the underground works undertaken 
over this time specifically. In the case of monitoring point, no. 1783, the impact of the 
cessation of the compensation grouting protective measures is also a significant feature. 
By the end of Period 16 the overall magnitude of settlement observed for monitoring 
points, nos. 1317 and 1783, is similar, at between 35 and 40 mm; at the beginning of 
Period 14, monitoring point, no.1783, had settled less than 5 mm. With the cessation of 
compensation grouting ground treatment operations in the vicinity, settlement of the 
order of 8 mm per month is observed. The exception to the generally uniform behaviour 
exhibited by the precision level monitoring points on Section F-F at this time, occurs in 
the second half of Period 19, when there is a marked increase in vertical displacement, 
with between about 5 and 10 mm taking place at the monitoring points installed within 
the facades of Telephone House, nos. 1317 and 1783. The monitoring points are 
situated above the JLE/NL interchange passage, the excavation of which was then 
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currently in progress. 
Transverse surface settlement profiles along Section F-F, which are presented in 
Figures 9.34 to 9.37, for Periods 8, 13 & 14, 15 & 16, and 19, respectively, during which 
times construction activities included the enlargements to the station tunnel and 
concourse tunnel pilots. The corresponding incremental grout intensity contour plots are 
shown in Figures 9.45, and 9.47 to 9.49. The vertical displacements recorded along 
Section F-F during Period 8, which are shown in Figure 9.34, are much less significant, 
with a maximum settlement of between 10 and 15 mm, than the corresponding vertical 
displacements measured along Section E-E for the same period (see Figure 9.30). As 
shown in Figure 9.45, grout injection is concentrated to the west, beneath the building 
footprints of Alam House and the Southwark Cathedral Chapter House, and to the east, 
beneath the footprints of the buildings on the southern side of London Bridge Street. 
In Figure 9.35, representative settlements recorded during Periods 13 and 14, 
are shown together with the corresponding green field simulation. The influence of 
building stiffness in modifying the surface settlement profiles observed is evident in the 
figure. As shown in Figure 9.47, compensation grouting was concentrated beneath the 
building footprints of Alam House, the Southwark Cathedral Chapter House (front half 
only) and Collegiate House (front half only) during this time. Within the limits of the 
'oi/era//'transverse surface settlement profile predicted for the green field formulation, 
two much smaller troughs, with maximum vertical displacements of the order of 20 mm, 
are observed in the field. These adjacent troughs, which are approximately coincident 
with St Thomas Street and London Bridge Street, are separated by a hogging profile 
coincident with the London Bridge 'block'buildings. For some of the monitoring 
points, the movements recorded are close to the initial base readings. The settlement 
troughs observed correlate approximately with the excavation of the concourse tunnel 
pilot and western ventilation tunnel, which were undertaken during Periods 13 and 14 
respectively. 
Representative transverse surface settlement profiles observed during Periods 
15 and 16 along Section F-F, which are shown in Figure 9.36, indicate the development 
of much greater incremental vertical displacements within the London Bridge 'block'oi 
buildings with incremental settlements of the order of 40 mm being recorded at this time. 
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As shown in Figure 9.48, compensation grouting ground treatment operations, when 
carried out in the vicinity at this time, are concentrated to the west, beneath the Alam 
House building footprint. While much less than that estimated for the green field surface 
settlement simulation, these vertical displacements represent significant increases from 
those measured previously. The observed vertical displacements indicate an 
asymmetric surface settlement trough, focussed at the interface between St Thomas 
Street and the London Bridge 'block'oi buildings; the green field prediction suggests a 
focus to the east of that observed. As shown in Figure 9.37, a more well-defined 
transverse surface settlement trough is observed in Period 19. The observed trough is 
similar in nature and approximately coincident with that estimated for the green field 
simulation, albeit the vertical displacements measured are less than half the magnitude 
of those predicted. 
9.4.2.4 Section G-G 
As shown in Figure 9.1, Section G-G is located at the eastern end of the 
concourse tunnel. It traverses this tunnel as well as both station tunnels and associated 
cross passages at about ninety degrees to the general station axis. Time-settlement 
profiles illustrating the response of the representative precision level monitoring points, 
nos. 1292, 1263, 1322, 1787, 1736, 1740 and 1073, to the various construction activities 
are presented in Figures 9.17(a) to 9.17(g). Based largely on the response of 
monitoring points, nos. 1322 and 1787, which are situated within the northeast-facing 
facade of Telephone House and the southwest-facing facade of the BT Building 
respectively, several distinct movement episodes associated with the excavation of the 
concourse pilot tunnel and subsequent enlargement works, and the formation of the 
transition tunnel between the central concourse and the eastern escalator shaft, are 
identified. 
As shown in Figures 9.17(a) and 9.17(b), up until Period 6, the monitoring points 
along Section G-G generally exhibit movement within a narrow band, ±5 mm of their 
initial datums. Between Periods 7 and 12 (see Figures 9.17(c) and 9.17(d)), the 
measured vertical displacements increase at a relatively uniform rate to between 5 and 
10 mm. Over both durations, subtle troughs and peaks in the time-settlement profiles, 
corresponding to episodes of excavation-induced settlement and grout-induced heave, 
are superimposed upon this overall behaviour, particularly in the profile for monitoring 
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point, no.1736, at the beginning of Period 4, and in the profile for monitoring point, 
no.1787, in Periods 8 and 10. In general, settlement is maintained below 10 mm in 
magnitude although there are occasions where settlement approaches 15 mm, most 
notably at monitoring point, no. 1787, during the station tunnel enlargement works. 
The first indications of the development of more significant magnitude vertical 
displacements along Section G-G are evident at the end of Period 12/the beginning of 
Period 13 (see Figure 9.17(d)), during the excavation of the central concourse pilot 
tunnel. Incremental settlement of between about 5 and 10 mm magnitude is measured 
at monitoring points, nos. 1322 and 1787, during this time. The behaviour exhibited by 
the remaining monitoring points, nos. 1292, 1263, 1736, 1740 and 1073, which flank 
both these monitoring points and the concourse tunnel is little different to that displayed 
in earlier periods. Similar to the behaviour exhibited by the monitoring points on 
Sections F-F (see Figure 9.16(d)), the monitoring points on this section line do not 
display a marked response to the passage of the pilot tunnel for the central concourse in 
Period 13. 
As shown in Figure 9.17(e), in Period 15, when the central concourse tunnel pilot 
tunnel is enlarged, further settlement, of the order of 10 mm, is measured at monitoring 
points, nos. 1322 and 1787. Unlike the corresponding responses displayed by the 
monitoring points along Sections E-E and F-F, which are shown in Figures 9.15(e) and 
9.16(e) respectively, the settlements incurred at these points takes place at a relatively 
uniform rate during the second half of the period. Again, little response is displayed by 
the remaining monitoring points along Section G-G. 
In Period 16, monitoring point, no.1322, exhibits further significant settlement, 
essentially uniform in nature, indicating that the movement is due largely to consolidation 
of the underlying ground. The works in progress during this time, the pilot tunnel for the 
intermediate horizontal concourse, and the upper inclined shaft, both of the eastern 
escalator, as well as the eastern ventilation tunnel, are all situated some distance to the 
east of Section G-G. The other monitoring points on the section line exhibit little in the 
way of a concerted response. At the beginning of Period 17, monitoring point, no. 1322, 
experiences a subtle increase in vertical displacement coincident with the excavation of 
the section of tunnel linking the central concourse and the eastern escalator shaft. As 
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shown in Figure 9.17(f), settlement of about 5 mm is recorded. Thereafter, the time-
settlement behaviour for this monitoring point resumed its previous uniform nature and 
rate. The other monitoring points situated along Section G-G, are largely unaffected by 
these activities. 
In the remaining periods of underground construction (see Figure 9.17(g)), 
settlement of the monitoring points along Section G-G is essentially uniform in nature. 
The magnitudes, of both the overall settlements that take place and the rate at which 
that movement occurs, varies, being dependent on the location of the particular 
monitoring point in relation to the various construction activities in progress. The 
exception to this general behaviour occurs during Period 19. In the second half of this 
period, monitoring point, no.1322, displays a marked increase in vertical displacement, 
with just over 10 mm settlement being recorded. This behaviour coincides with both the 
enlargement of the pilot tunnel of the intermediate horizontal concourse, and the 
excavation of the lower inclined shaft, of the adjacent eastern escalator. The remaining 
monitoring points on Section G-G, exhibit little response to these activities, continuing to 
settle at an essentially uniform rate. 
Transverse surface settlement profiles along Section G-G are presented in 
Figures 9.38 to 9.40, for Periods 12 & 13, 14 to 18, and 19 & 20, respectively. 
Construction activities which were in progress at these times include the formation of the 
concourse tunnel pilot and subsequent enlargement, the eastern escalator shaft tunnel 
drives and the excavations associated with the JLE/NL interchange passage. Selective 
incremental grout intensity contour plots are shown in Figures 9.47 to 9.49. As shown 
in Figure 9,38, the green field surface settlement prediction for up to Period 13 of 
underground construction, is approximately symmetrical, and indicates a maximum 
settlement of between 50 and 55 mm. The maximum measured vertical displacement is 
between 20 and 25 mm; settlements along the section-line are more typically less than 
15 mm. A settlement trough, narrower than and offset to the north of that predicted for 
the green field formulation, reflecting the influence of building stiffness, is indicated by 
the data. Compensation grouting protective measure provision at this time, shown 
through a grout intensity contour plot in Figure 9.47, is concentrated to the west of 
Section G-G. 
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A much more well-defined transverse surface settlement trough is evident from 
the measurements presented in Figure 9.39 for Periods 14 to 18. A maximum 
settlement of between about 45 and 50 mm is indicated. As before, in Periods 12 & 13, 
the observed settlement trough is offset to the north of that suggested for the green field 
simulation, at the interface between the London Bridge 'block'oi buildings and the 
brickwork arches of London Bridge Street. As shown in Figure 9.48, grout Injection 
remained focussed to the west of Section G-G during this time. The observed 
settlement trough, while not as deep as that predicted for the green field case, is of 
similar overall width. The nature of the transverse surface settlement trough measured 
during Periods 19 & 20, which is shown in Figure 9.40, is similar to that presented in 
Figure 9.39, for Periods 14 to 18. Relatively uniform settlements, of the order of 10 to 
15 mm, suggesting that consolidation settlement is governing overall behaviour, are 
recorded during this time. 
9.4.2.5 Section H-H 
Section H-H, which is shown in Figure 9.1, is located at the eastern end of the 
station concourse and aligned approximately perpendicular to the general axis of the 
underground station. It traverses both the east- and westbound station tunnels, as well 
as the eastern escalator shaft, all at about ninety degrees. Time-settlement profiles 
showing the response of precision level monitoring points, nos. 1260,1258,1231,1335, 
1791, 1757, 1747 and 1074, which are situated along the section line, to the various 
construction activities are presented in Figures 9.18(a) to 9.18(g). 
Based largely on the response of monitoring points, nos. 1230 and 1231, which 
are located within the car parking area of New London Bridge House (see Figure 9.9), 
several distinct movement episodes are identified, essentially associated with the 
construction of the eastbound running/station tunnel, and the eastern escalator shaft. 
As shown in Figures 9.18(a) and 9.18(b), it is not until the middle of Period 4 that 
significant settlement is observed; up until this time, the measured vertical 
displacements of the monitoring points are generally confined to within ±5 mm of their 
initial base readings. Monitoring points, nos. 1230 and 1231, experience marked 
settlement of the order of 10 mm at this time as the excavation face of the pilot tunnel 
approaches and then passes beneath them. This response is not repeated for those 
points on Section H-H to the south above the westbound running/station tunnel as they 
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lie within the mandatory compensation grouting ground treatment zone. Although the 
overall magnitude of settlement recorded does not change greatly for the majority of the 
monitoring points on Section H-H in Period 4, the troughs and peaks, corresponding to 
excavation phases and compensation grouting episodes, are more frequent and 
concentrated, particularly for monitoring points, nos. 1335 and 1791. 
As shown in Figures 9.18(b) and 9.18(c), between Periods 5 and 10, the 
subsidence that occurs is generally uniform in nature. Monitoring points, nos. 1230, 
1231 and 1258, settle at an approximately similar rate during this time. In contrast, 
monitoring points, nos. 1074, 1747 and 1757, and monitoring point, no. 1260, on the 
southern and northern flanks of Section H-H respectively, respond little to the 
construction activities in progress. The recorded movements remain within a narrow 
band, generally within ±5 mm of the original base readings. Monitoring points, nos. 
1335 and 1791, which are situated above the westbound running/station tunnel, exhibit 
more well-defined troughs and peaks in response to the various excavation phases and 
grouting episodes at this time, particularly in Periods 9 and 10. 
From the middle of Period 11 onwards, the time-settlement responses of the 
respective monitoring points diverge; while the points on the flanks of the section line 
remain clustered about the origin, the monitoring points within the central part of Section 
H-H experience continuing vertical displacement. As shown in Figure 9.18(c), 
significant vertical displacement of the order of 20 mm occurs to monitoring point, 
no. 1231, about mid-way through Period 11 as the excavation face for the enlargement to 
the eastbound station pilot tunnel approaches and passes beneath; a subtle pause in 
settlement development corresponding to a pause in excavation is evident in the time-
settlement profile at this time, giving it a 'stepped'appearance. Numerous peaks and 
troughs are evident in the time-settlement profiles for monitoring points, nos. 1791, 1335 
and 1258, although any significant movement is ameliorated by the application of 
protective measures (i.e. compensation grouting and structural jacking). Monitoring 
point, no. 1335, experiences vertical displacement in excess of 5 mm as the excavation 
face passes; this movement is largely 'corrected'iox by the end of Period 11. The 
remaining monitoring points on the flanks of the section line respond little to these 
events. In Periods 12 to 14 (see Figure 9.18(d)), there is a suggestion of a subtle 
increase in settlement within the central portion of Section H-H, although it is obscured 
somewhat by compensation grouting episodes. With the exception of monitoring point, 
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no. 1258, which undergoes settlement approaching 20 mm, the overall subsidence 
observed for the monitoring points is within a narrow band within 5 to 10 mm of the 
original datum. Little movement is evident on the flanks of the section line. 
The vertical displacements observed for the monitoring points along Section H-H 
in the remaining stages of underground construction, which are shown in Figures 
9.18(e) to 9.18(g), are essentially uniform in nature; the corresponding magnitudes and 
rates of settlement are dependent on the relative locations of the monitoring points in 
relation to the station layout. The exception to this general behaviour occurs in the 
second half of Period 19 (see Figure 9.18(g)), when a relatively abrupt increase in 
settlement, of the order of 10 mm, is recorded at monitoring point, no. 1335. This 
movement is attributed to the drive for the lower inclined shaft and the enlargement of 
the pilot tunnel of the intermediate horizontal concourse, both of the eastern escalator. 
In Figures 9.41 to 9.43, transverse surface settlement profiles are presented 
along Section H-H for Periods 4, 11 and 19, respectively, during which times 
excavations for the station tunnel pilots and corresponding enlargements, and eastern 
escalator shaft took place. The corresponding incremental grout intensity contour plots 
are shown in Figures 9.44, 9.46 and 9.49. As shown in Figures 9.41 to 9.43, for the 
three periods for which transverse surface settlement profiles have been presented 
along Section H-H, an asymmetric surface settlement trough, focussed on London 
Bridge Street is evident. In all three cases, the focus of settlement is the interface 
between the London Bridge 'block' of buildings and the brickwork arches that support 
London Bridge Street. The corresponding green field simulations are approximately 
symmetrical in Periods 4 and 11, and asymmetrical in Period 19. 
Interestingly, in all three cases there is relatively good agreement between the 
estimated settlements for the green field formulation and the vertical displacements 
measured in the field, on the northern flank of Section H-H. As shown in Figures 9.41 
and 9.42, the passages of the excavation faces associated with the eastbound station 
tunnel are prominent within the data set of measured vertical displacements. The 
passages of the excavation faces associated with the westbound station tunnel are, in 
contrast, largely obscured by the imposition of compensation grouting protective 
measures in the vicinity. 
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9.5 Summary 
The surface settlement response to the construction of London Bridge 
underground station on the JLE has been characterised in this chapter. The precision 
level monitoring data has been assessed in relation to the various construction activities 
and their progress. As part of this process the dataset of settlement monitoring records 
has been validated and its various limitations acknowledged. Settlement monitoring 
data should not be assumed to be representative of actual movements without critical 
appraisal; there are a variety of reasons why data for a particular point may not 
accurately represent behaviour in the field. 
The construction of a major underground railway station involves numerous 
activities, many of which can cause ground movements. Many of these activities take 
place near the surface, for example shallow excavation, permeation grouting ground 
treatment and piling. In general, such activities would be expected to induce relatively 
minor movements; only those movements associated with tunnelling and shaft sinking, 
and compensation grouting protective measures have been considered here. 
Settlement development is largely as expected given the construction 
sequencing and protective measures applied. In general, the distribution of the recorded 
settlements corresponds with the locations of the various sub-surface structures 
constructed; the greatest values of settlement are measured over the tunnels, the 
magnitude of these movements decreasing with increasing distance away from 
underground structures. The maximum recorded settlements are located beneath the 
single-storey annex to the Southwark Cathedral Chapter House. As noted in Sub-
section 6.2 of Chapter 6, a channel-shaped feature consisting of a soft, saturated sand, 
which resembled a remnant scour feature, was observed within the invert of the station 
concourse tunnel, along the erosional contact between the London Clay Formation and 
the Lambeth Group deposits, below this structure. In zones where compensation 
grouting was undertaken, the magnitude and distribution of the settlement has been 
significantly reduced and modified. The congested urban environment and, in particular, 
the presence of relatively stiff structures at the surface has also contributed to the 
modified distribution of settlements recorded. 
The success of compensation grouting in ameliorating the effects of settlement 
associated with running/station tunnel construction, both pilot tunnel and subsequent 
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enlargement to full-size, is in contrast to the settlement behaviour experienced during 
the excavation of the central concourse, which is situated between these tunnels, soon 
thereafter. Compensation grouting had largely ceased by the time excavations took 
place; the grouting that did take place was concentrated above the western half of the 
tunnel. 
As shown in Figures 9.19 to 9.43, a feature of the observed response is the 
relatively narrow and, in parts, asymmetric nature of the overall surface settlement 
trough in comparison to that predicted for the station complex, adopting typical values 
for the various design parameters. The narrower settlement trough is attributed to the 
construction method employed to form most of the major tunnels of the complex: the 
SCL technique. This observation is consistent with the findings of Dimmock (2003) for 
the JLE at Waterloo, and New & Bowers (1994) for the Heathrow Express Trial Tunnel. 
From the results of the Heathrow Express Trial Tunnel, Deane & Bassett (1995) suggest 
that the specific excavation sequence adopted when using the SCL technique, can also 
influence the nature of the subsequent settlement trough. The excavation sequence 
generally adopted at London Bridge, that of full-width heading/bench/invert, corresponds 
with Deane & Bassett's Type 3'excavation sequence, which gave the narrowest 
settlement trough of those investigated at Heathrow. The asymmetric nature of the 
settlement trough is ascribed to the layout adopted for the implementation of the 
compensation grouting protective measures; no protective measures were provided 
beneath either St Thomas Street or London Bridge Street. 
The orientation and layout of JLE London Bridge underground station in relation 
to the buildings above are fundamental factors in defining the corresponding surface 
settlement response and three-dimensional settlement trough. The tunnels of the 
station generally traverse the footprints of the surface structures at angles of less than 
45° to the longitudinal facades of the buildings, tending more to a parallel orientation 
than a perpendicular one. As a result the shorter, transverse facades of the buildings 
correlate approximately with the corresponding two-dimensional transverse settlement 
trough. Such a configuration minimises overall differential movements both along and 
across individual building footprints. During construction, however, the beneficial effects 
of such an arrangement may be far more limited. The sequence of construction 
implemented is dependent upon many factors, not just those related to settlement 
considerations; logistics and available resources may govern the sequence ultimately 
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selected. Unless great care Is taken In the planning and sequencing of activities, little 
benefit may be realised from this arrangement during construction. 
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Chapter 10 -
London Bridge Street 
10.1 Introduction 
The subject of this chapter is the progressive response of the four buildings in 
the vicinity of London Bridge Street, which are shown in Figure 10.1.1, to the 
construction of the JLE London Bridge underground station between June 1994 and 
June 1997. The four buildings are Telephone House, the BT Building and Fielden 
House, which are all located along the southern side of London Bridge Street, and the 
nearby London Bridge Post Office to the west. The behaviour of these buildings is 
discussed in relation to the monitoring data as well as the various construction activities 
and associated ground treatment operations. Where appropriate, reference is made to 
adjacent structures, for example the brickwork arches supporting London Bridge Street, 
to highlight specific aspects of building response. For brevity, the discussion 
concentrates on those periods when activities had a significant impact on the response 
of the particular building under consideration; only the most noteworthy aspects of the 
observed building behaviour are discussed in detail. 
Numerous tunnels, shafts and declines form the JLE London Bridge underground 
station complex. The individual buildings above the station complex were only 
significantly affected by the construction of particular sub-surface structures and only 
these are referred to in the subsequent commentaries on the behaviour of each of the 
buildings. The various methods employed in the construction of these sub-surface 
structures, including general excavation sequences, overall progress and timing of 
events, are described in Section 6.2 of Chapter 6; the progress of the more significant 
tunnels and shafts that form the underground station are given graphically in Figures 
6.8 & 6.9, and 6.11 & 6.12 of Chapter 6. Two forms of ground treatment were 
implemented on a large scale during underground construction at London Bridge: 
permeation and compensation grouting. Detailed descriptions of the facilities used and 
procedures adopted during these ground treatment operations as well as their 
respective durations are given in Section 6.3 of Chapter 6. Several forms of monitoring 
were employed at London Bridge to assess the response of the various surface 
buildings to the tunnelling-induced ground subsidence; these are summarised for the 
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case history buildings in Table 7.1 of Chapter 7. 
The overall surface settlement response to the construction of London Bridge 
underground station on the JLE has been characterised in Chapter 9. The precise level 
monitoring data has been assessed in relation to the various construction activities and 
their progress. Settlement development is largely as expected given the construction 
sequencing and protective measures applied. In general, the distribution of the recorded 
settlements corresponds with the locations of the various sub-surface structures; the 
greatest values were measured over the tunnels, settlements decreasing with increasing 
distance away from underground structures. In zones where compensation grouting 
was undertaken, the magnitude and distribution of the settlement has been reduced and 
modified. The presence of relatively stiff structures at the surface has also reduced and 
modified the distribution of settlement. 
The BT Building and Fielden House are modern reinforced concrete framed 
buildings, both of which originally had piled foundations, while the older, Telephone 
House consists essentially of a load-bearing brickwork superstructure founded on strip 
footings. Both framed buildings were underpinned in full/part during the JLEP: a mass 
concrete underpinning slab was constructed beneath the entire footprint of the BT 
Building while additional piles were installed beneath the most vulnerable piled 
foundations of Fielden House (see Sub-sections 8.5.2 and 8.5.3 of Chapter 8 for 
details). The London Bridge Post Office building (LBPO) also comprises a load-bearing 
brickwork superstructure, which is understood to be founded on a stepped raft. The pile 
toes of both the BT Building and Fielden House extend into the London Clay stratum 
while the spread foundations of Telephone House and the LBPO bear on the Terrace 
Gravels. Detailed descriptions of all the buildings at London Bridge under consideration 
in this thesis are given in Chapter 8 together with a general commentary on the salient 
features of the background history of the area, including surface and sub-surface 
infrastructure. For the buildings along London Bridge Street, the elevated nature of this 
road and the apparent difference in elevation from front to back of each building is a 
significant feature as are the pre-existing sub-surface structures in the vicinity: the Long 
Subway tunnel, the shafts and associated tunnels of the Northern Line of the 
underground, and the abandoned Second World War air-raid shelter access tunnel 
adjacent to Telephone House. 
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At London Bridge, the locations of some of the precise level monitoring sockets 
are less reliably known than others. A commentary on the limitations of the precise 
levelling data collated at the site, in relation to subsequent building slope, deflection ratio 
and twist determination is given in Sub-section 7.3.1.5 of Chapter 7. These restrictions 
apply, to a greater or lesser extent, to all of the case history buildings considered in this 
thesis. 
It should be noted that in this, and subsequent chapters, the use of terms such 
as 'rigid'and 'flexible'in relation to the various settlement profiles are essentially for 
descriptive purposes; they do not necessarily imply the nature of any structural 
behaviour exhibited by the building. 
10.2 Telephone House 
The behaviour of Telephone House to the sub-surface works is the subject of this 
section. As shown in Figure 10.2.1, Telephone House is located above the northern 
half of the JLE London Bridge underground station. The axis of the eastbound station 
tunnel (pilot tunnel and corresponding enlargement) traverses the building footprint at a 
skew of approximately 31° to the longitudinal facades of the structure, i.e. in plan, as the 
tunnel excavation face passed from beneath the rear, southwesterly-facing facade to the 
front, northeasterly-facing facade its axis moved approximately 23 m eastwards relative 
to the building footprint. The central concourse tunnel/eastern escalator shaft pass 
beneath the SE corner of Telephone House on a generally similar alignment. 
Both the western ventilation tunnel and JLE/NL interchange passage cross below 
the opposite, NW corner of the structure, their tunnel axes aligned at opposing skew 
angles of approximately 42° and 58° to the northeasterly-facing longitudinal facade of 
the building respectively; the tunnels, themselves, are approximately perpendicular to 
each other. The JLE/NL interchange passage traverses the Telephone House building 
footprint on its approach to the eastbound station and central concourse tunnels to the 
south. Several cross passages link the station tunnels to the central concourse tunnel; 
two of these are situated beneath the building footprint of Telephone House. 
The adjacent westbound station tunnel (pilot tunnel and corresponding 
enlargement) was excavated approximately concurrently with the eastbound station 
tunnel; the westbound station tunnels were excavated slightly in advance. As such any 
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influence that these excavations may have had on the response of Telephone House 
would tend to be obscured by those associated with the nearer eastbound tunnel. The 
clear distance between the station and concourse tunnels also decreases in an easterly 
direction over the length of the underground station, enhancing interaction effects and 
further obscuring the influences of the various components of these sub-surface 
structures. 
In addition, two shafts - the western emergency escape shaft and the western 
ventilation shaft - were sunk immediately to the north of Telephone House, on the 
opposite side of London Bridge Street (see Figure 10.2.1). The surficial deposits in the 
vicinity of both these shafts were treated by permeation grouting in advance of shaft 
sinking (see Sub-sections 6.3.1.2 & 6.3.1.3 of Chapter 6 for details). The majority of 
the excavations associated with these tunnels and shafts were undertaken within the 
London Clay horizon; the upper units of the Lambeth Group were encountered only 
occasionally in the inverts of the larger diameter tunnels and the bases of the shafts. 
As shown in Figure 10.2.2, compensation grouting TAMs extended beneath the 
building footprint of Telephone House from the Long Subway tunnel. Only those TAMs 
and active grout ports, in the vicinity of the building under consideration are shown in this 
figure for clarity; this is the case for all such figures in this thesis. Grout injections were 
made below this structure between May 1995 and June 1996, with approximately 170 m® 
of grout being injected through the TAMs into the London Clay beneath the building in a 
series of 45 episodes; about 86 m^in 28 episodes between 16 May and 29 December 
1995, and almost 84 m® in 17 episodes between 7 January and 14 June 1996. For the 
purposes of this thesis, a grouting 'episode'\s as defined in Section 4.4.2 of Chapter 4. 
Figure 10.2.3 shows the daily and corresponding cumulative volumes of grout 
injection in relation to the Telephone House building specific construction/monitoring 
sequence; the time-cumulative grout injection profiles for the other two buildings on 
London Bridge Street are also shown on this figure for comparative purposes. The 
building specific construction/monitoring sequence, incorporating all the appropriate 
excavation phases and ground treatment episodes, which is summarised in Figure 
10.2.4, is superimposed on this figure. The numbers given in Figure 10.2.4, to the 
various construction/monitoring periods correspond with those referred to in the 
forthcoming text and included on subsequent building behaviour plots. The various 
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stages indicated in tine construction/monitoring period sequence for botii tine JLE/NL 
interciiange passage and eastern escalator sliaft do not necessarily correlate with those 
referred to in Chapter 6; the current stages are building specific. This is the case for all 
the case history buildings under investigation in this thesis. The relative areal 
distribution of grout injected beneath the building footprint during the ground treatment 
operations is presented as a contour plot of grout intensity, in Figure 10.2.5. The 
compensation grouting protective measures are discussed in relation to the other 
buildings on London Bridge Street in Sub-section 10.3.1.6 below. 
A detailed description of the fabric and structure of Telephone House is given in 
Sub-section 8.3.6 of Chapter 8. As far as it is understood, the building itself was not 
subject to any specific strengthening measures in advance of the JLEP underground 
construction works. Telephone House has a length-to-breadth ratio of approximately 
4.1, length-to-height ratio of about 2.7, and a breadth-to-height ratio of typically 0.7. The 
geometrical details of the case history buildings are summarised in Table 8.1 of Chapter 
8. The building height of 20 m (Mott MacDonald, 1992) has been assumed to be the 
distance from ground level on London Bridge Street to the eaves of the roof; it is normal 
practice to Ignore the roof itself. The two storey 'basemen?'adjacent to the brickwork 
arches has not been included either. Including the basement storeys reduces the 
longitudinal and transverse aspect ratios to approximately 2.1 and 0.5 respectively. 
Figures 10.2.6 to 10.2.9 show the locations of the various monitoring points at 
Telephone House: precision levelling, total station surveying, selective crack monitoring 
and real-time monitoring of building movement during compensation grouting ground 
treatment operations were undertaken during underground construction. On Figure 
10.2.6, the locations of the precise level monitoring sockets represented by the hollow 
symbols are less reliably known than those points represented by the infilled symbols 
(see Sub-section 7.3.1.5 of Chapter 7 for further details). All the known crack 
monitoring has been included in Figure 10.2.9; only those with reference numbers are 
discussed in the following text. 
As a result of the sale of the property in 1996 and its subsequent re-development 
thereafter, the last full precise level surveys of both front and rear facades took place on 
25 March 1997, before the end of underground construction at London Bridge and, in 
particular, several phases of the excavation of the JLE/NL interchange passage in the 
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vicinity. Limited precision levelling of particular monitoring points continued until 2 
September 1997. 
10.2.1 Observed Behaviour 
The response of Telephone House to the underground works is described with 
regard to the various monitoring techniques employed and subsequent data collated in 
the following sub-sections. 
10.2.1.1 Time-settlement response 
In this sub-section the response of individual precision level monitoring points 
over time, will be described; negative values of vertical displacement relate to settlement 
while positive values relate to heave. Frequent reference will be made to the 
underground works shown in Figure 10.2.1, during this description. The time-vertical 
displacement curves for monitoring points, nos. 1316, 1779, 1324 and 1785, which are 
located at/close to the four corners of Telephone House as shown in Figure 10.2.6, are 
presented together in Figure 10.2.10; a displaced origin approach has been adopted for 
their presentation. The actual values of vertical displacement recorded for monitoring 
point, no. 1324, are plotted while those of monitoring points, nos. 1316, 1785 and 1779, 
are offset from the observed values by -25 mm, +25 mm, and +50 mm respectively. The 
precision level data for each monitoring point has been thoroughly scrutinized with 
regard to construction activity and building response. Only data considered to be in 
gross error have been omitted from the profiles shown in Figure 10.2.10; given the 
complex nature of the construction activities undertaken no attempt has been made to 
refine the data and take account of survey inaccuracy in this figure. The building 
specific construction/monitoring sequence given in Figure 10.2.4, is superimposed upon 
these curves. In such sequences, quiet periods are defined as those times when 
ongoing excavation activity did not have a significant impact on the behaviour of the 
building, other activities such as ground treatment operations may have been 
undertaken during these periods. Although the following commentary is focused on the 
four 'corner'precision level monitoring points, all such monitoring points in the vicinity, 
for which data is available, have been reviewed in its preparation. 
The nature and relative magnitude of the vertical displacement observed for each 
monitoring point is clearly evident in Figure 10.2.10 as are similarities and differences 
between the various profiles. In broad terms, all four time-settlement profiles are similar 
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in nature and magnitude tiiroughout underground construction; each curve can be 
divided into several distinct parts in relation to the nature of the observed movement. Up 
until Period 6, with compensation grouting protective measures being implemented 
beneath the building footprint, there is little movement evident overall in the time-vertical 
displacement curve for monitoring point, no. 1316, which is situated in the NW corner of 
the building. Displacements generally fluctuate within approximately ±5 mm of the initial 
datum. Alternate grout-induced peaks and excavation-induced troughs are evident in 
the profile over this time. For example, the heave evident in Period 1, at the end of 
1994/beginning of 1995, is attributed to permeation grouting associated with the 
construction of the adjacent western ventilation shaft (see Figure 10.2.1). The relative 
proximity of this particular monitoring socket to the sub-surface works in progress during 
Periods 1 to 6, would also have contributed to such a response (see Figure 10.2.6). 
At the start of Period 7, downward vertical movement of about 5 mm magnitude, 
is evident; this settlement correlates with the excavation of the western ventilation tunnel 
in the vicinity (see Figure 10.2.10). There then follows a pause in downward movement, 
which coincides with a halt in construction of this sub-surface structure. Compensation 
grouting was not carried out in the vicinity of the monitoring point during this cessation in 
excavation. In the remaining part of Period 7 and through the next two periods, 8 and 9, 
the time-displacement curve is concave in nature. A further 20 to 30 mm of downward 
vertical movement was recorded over this time, the settlement rate reducing 
progressively. In the next period, 10, there is an initial settlement of the order of 5 mm, 
coinciding with the passage of the excavation face of the JLE/NL interchange passage 
beneath the building footprint; little movement is observed thereafter in this period. 
There is also little movement recorded during the first half of Period 11. In the second 
half of this period, a pronounced downward vertical movement of the order of 15 to 20 
mm occurs. This response correlates with the formation of the pilot headings to the 
JLE/NL interchange passage over the eastbound station and concourse tunnels to the 
south of Telephone House (see Figures 10.2.1 and 10.2.4). Interestingly, all four 
precise level monitoring points react in a very similar manner during this period even 
though the excavation of the lower inclined shaft of the eastern escalator, which is 
adjacent to monitoring points, nos 1324 and 1785, was also in progress at this time. 
The data suggests that the formation of the JLE/NL interchange passage pilot headings 
through the zone of recently disturbed ground results in a more widespread, almost 
uniform settlement. 
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Data is not available beyond this time for the four monitoring points under 
detailed consideration in this sub-section, but it is likely, given the available data in the 
vicinity and the relative areal distribution of the remaining construction activities in 
relation to Telephone House, that little further settlement took place during underground 
construction (see Figure 11.3.14 of Chapter 11 for details). 
With the exception of Period 4, the time-displacement profile for monitoring point, 
no. 1779 (see Figure 10.2.10), which is located in the SW corner of Telephone House, is 
generally similar in nature and magnitude to that observed for monitoring point, no.1316; 
monitoring point, no.1316, undergoes slightly greater movements throughout. A peak is 
evident in Period 4 of the time-displacement curve for monitoring point, no.1779. This is 
not grout-induced but rather a feature of the skew angle of the eastbound station tunnel 
relative to Telephone House (see Figure 10.2.1), the enlargement of which was in 
progress at this time. Whilst other parts of the building moved downwards, that part 
adjacent to monitoring point no.1779 moved upwards as a result of its position relative to 
the emerging settlement trough. 
As shown in Figure 10.2.10, the corresponding time-settlement profile for 
monitoring point, no.1324, which is situated in the NE corner of Telephone House (see 
Figure 10.2.6), is similar to that of monitoring point, no. 1316, during Periods 1 to 3. 
Between Periods 4 and 8, excepting Period 5, downward vertical displacement of an 
approximately uniform rate, is indicated. In Periods 9 to 11, the time-settlement curve 
for this point also generally resembles that of monitoring point, no. 1316, in both 
magnitude and nature. The exception is at the beginning of Period 10, when a much 
greater downward vertical movement, of the order of 10 mm, is indicated. This 
difference reflects the areal distribution of the monitoring points in relation to the works 
in progress at this time: the station concourse/eastern escalator shaft transition and the 
initial drive for the JLE/NL interchange passage (see Figures 10.2.1 and 10.2.4). In 
Period 5, a grout-induced peak is followed by an excavation-induced trough in the 
settlement profile for this monitoring point; settlement of the order of 5 mm develops in 
response to the passage of the excavation face of the eastbound station tunnel 
enlargement. It is corrected by compensation grouting soon thereafter, at the beginning 
of Period 6. This feature corresponds with a similar, more marked one evident in the 
time-vertical displacement profile for monitoring point, no. 1785, which is discussed 
below. Monitoring point, no. 1324, responds least to the cessation of compensation 
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grouting in tlie vicinity during Period 8. 
As siiown in Figure 10.2.10, tlie time-vertical displacement curve for monitoring 
point no.1785, which is situated close to the SE corner of Telephone House, is broadly 
similar in nature and magnitude to that of monitoring point, no. 1324, over Periods 1 to 4 
and 9 to 11. In Periods 5 and 6, the general response, settlement followed by grout-
induced heave, of monitoring points, nos. 1785 and 1324, to the construction activities In 
progress, is also generally similar in nature, albeit the magnitudes are quite different. 
Additionally, given the relative positions of the monitoring points in relation to the 
ongoing sub-surface works, the sequencing differs. At the beginning of Period 5 a 
pronounced downward vertical movement, in excess of 10 mm, is exhibited by 
monitoring point, no.1785. This movement correlates with the passage of the 
excavation face of the eastbound station tunnel enlargement beneath the rear facade of 
Telephone House. This settlement is followed by significant grout-induced heave of the 
order of 15 to 20 mm. The sustained nature of this upward movement indicates that 
grout jacking was taking place rather than compensation grouting. As a consequence, 
by the end of Period 5, monitoring point, no.1785, had been lifted to a level some 5 mm 
above that pertaining before the passage of the eastbound station tunnel excavation 
face. 
For much of Periods 6 to 8 the response of this monitoring point is similar in 
character, albeit offset in absolute magnitude given the preceding grout jacking, to that 
exhibited by monitoring point no. 1324; the relative magnitude and rate of downward 
vertical movement are similar. In the second half of Period 8, coinciding with the 
approach of the excavation face of the station concourse tunnel enlargement, monitoring 
point, no. 1785, undergoes a marked downward vertical displacement of the order of 20 
mm. Following this settlement, the vertical movements of monitoring points, nos. 1785 
and 1324, are similar in both nature and magnitude until the end of monitoring, with 
about a further 30 mm of downward displacement taking place in each case. Towards 
the end of underground construction overall settlement is similar on both northeast- and 
southwest-facing facades, being greatest at the eastern end of the building. 
The above commentary demonstrates the correlation between building response 
and construction activity for Telephone House; the importance of relative areal 
distribution on subsequent behaviour is highlighted. In addition, it has been shown that 
building response in the interim can be quite different to that at the end of construction. 
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The influence of ground treatment on building behaviour has also been demonstrated 
(see Sub-section 10.2.1.2 below for further details). In all cases, there is a marked 
downward movement coincident with the cessation of compensation grouting protective 
measures in the vicinity; the magnitude of this movement is dependent upon the relative 
proximity of the monitoring point to current/future excavation. 
10.2.1.2 Longitudinal Facade Profiles 
In this sub-section the behaviour of the longitudinal facades of Telephone House 
is described. Profiles of the changes in level of the various monitoring points located 
along the northeast-facing, front and southwest-facing, rear facades of the building have 
been prepared for each construction/monitoring period. The most significant in terms of 
building response are presented in Figures 10.2.11 and 10.2.12. Each profile shows 
the change in level plotted against the distance from the NW corner of the building; a 
similar convention has been adopted for the other case study buildings considered in 
this chapter, which are discussed in Sections 10.3,10.4 and 10.5 respectively. Neither 
longitudinal profile covers the entire length of the respective facade; there is no data 
available to the northwest of the archway for either facade (see Figures 10.2.1 and 
10.2.6). In the case of the rear facade, data is also not available for monitoring point 
no.1786 in the SE corner of the building. Additionally, due to protrusions, the monitoring 
points located along both facades are not all in the same vertical plane. 
As far as possible consistent sets of data have been plotted on these profiles. In 
some cases, however, it has been necessary to combine data from different dates. The 
profile at the end of the previous period presented, is usually plotted to highlight any 
changes in the intervening time. Only that number of measured profiles sufficient to 
illustrate the point being made are presented. Grout injection intensity contour plots, 
which show the assumed areal distribution of grout injected in the vicinity during 
corresponding compensation grouting ground treatment operations, accompany these 
profiles as appropriate. 
The first sets of facade profiles, which are presented in Figures 10.2.11(a) and 
10.2.12(a) respectively, relate to Period 5, when the enlargement of the eastbound 
station pilot tunnel was in progress in the vicinity. It is evident from Figure 10.2.10, that 
the response of the building during this period is different to that observed in the other 
construction/monitoring periods. In the earlier and later periods all four corner points 
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exhibit broadly similar behaviour to the episodes of tunnelling-induced ground 
subsidence and grout-induced heave. In Period 5, monitoring point, no.1785, which is 
located close to the SE corner of the rear facade (see Figure 10.2.6), firstly undergoes 
abrupt settlement in excess of 10 mm in magnitude before being jacked upwards by 
between 15 and 20 mm. Monitoring point, no.1779, which is situated at the opposite, 
SW corner of the rear facade, moves upwards by less than half this amount over this 
time as do monitoring points, nos. 1316 and 1324, on the corresponding front facade. 
Monitoring points, nos.1316 and 1324, subsequently settle by about 5 and 10 mm 
respectively, in the latter part of the construction monitoring period; these movements 
occur at an approximately uniform rate. It is necessary, given the complexity of the 
facade behaviour observed during this construction/monitoring period, to produce 
separate profiles illustrating the changing nature of the response of both front and rear 
facades to the excavation-induced subsidence and corresponding compensation 
grouting/grout jacking throughout this time. Step-by-step profile generation during this 
period is presented in Figures 10.2.13 and 10.2.14, for the front and rear facades 
respectively. 
Initially, a relatively uniform settlement of the order of 5 mm is indicated along the 
front facade. In contrast upward movement is recorded over the central portion of the 
rear facade at this time (see Figures 10.2.13(a) & 10.2.14(a)). The extent of the upward 
movement corresponds approximately with the skew alignment of the eastbound station 
tunnel. Heave, in excess of 5 mm locally, is then indicated along the front facade, while 
the rear facade exhibits settlement in excess of 10 mm within its central portion (see 
Figures 10.2.13(b) & 10.2.14(b)). Following this settlement, the rear facade was jacked 
upwards in two stages: firstly, the western half of the facade was raised, followed by the 
corresponding eastern half (see Figures 10.2.14(c) & (d)). The front facade 
experienced alternate episodes of settlement, particularly at its eastern end adjacent to 
the BT Building, and compensation grouting-induced heave, of between 5 and 10 mm, 
during this time (see Figures 10.2.13(c) & (d)). Finally in Period 5, the rear facade was 
subject to relatively uniform upward movement of between about 5 and 10 mm; the front 
facade experienced settlement of a similar nature and magnitude (see Figures 
10.2.13(e) & 10.2.14(e)). Localised settlement in excess of 10 mm was observed at the 
NE corner. In general, with the exception of the settlements observed at the eastern 
end of the front facade, the various responses of both the front and rear facades were 
relatively rigid in appearance; alternate hogging and sagging profiles are only suggested 
-247-
Chapter 10: London Bridge Street 
in the profiles for the central portion of the rear facade following grout jacking and 
tunnelling-induced subsidence. In excess of 50 of grout was injected into the ground 
beneath Telephone House during Period 5. The corresponding grout intensity contour 
plan, showing the presumed areal distribution of this grout beneath the building footprint, 
is presented in Figure 10.2.15; it indicates that compensation grouting was 
concentrated in the NE corner of the building footprint, at its junction with the BT 
Building. 
The next sets of facade profiles, which are presented in Figures 10.2.11(b) and 
10.2.12(b), relate to Period 7, when the station concourse tunnel pilot and western 
ventilation tunnel excavations were in progress beneath the NW and SE corners of 
Telephone House respectively (see Figure 10.2.1). Initially, the front facade profile is 
relatively rigid in character. By the end of the period, a more flexible nature is manifest 
within the profile; a response incorporating corresponding sagging and hogging portions, 
in the western and eastern halves respectively, of the longitudinal facade is evident. 
Such a response is consistent with the excavations in progress during this period. For 
much of the time, the incremental settlements along the facade are approximately 
uniform; only towards the end of the period as the sagging profile develops in the 
western half of the facade, do the settlements become non-uniform. By the end of 
Period 7, settlements in excess of 20 mm have been recorded on the flanks, and 
between 10 and 15 mm within the central portion of the facade. Once the character of 
this response has been established along the front facade it is largely retained 
throughout the remainder of underground construction. In contrast, the response of the 
rear facade, although fairly uniform throughout this period, remains relatively rigid in 
nature. The overall magnitude of movement measured on the rear facade approximates 
to the minimum captured along the front facade and about half the maximum. 
During the enlargement to the station concourse tunnel and the initial, southerly 
drive of the JLE/NL interchange passage in Period 8, the front, northeast-facing 
longitudinal facade profile flattens out, becoming less flexible in character than at the 
end of Period 7 (see Figures 10.2.11(b) & (c)). Total settlements along the facade this 
period vary from approximately 10 mm on the flanks to about 20 mm within the central 
portion of the facade. The corresponding rear facade profile, which is shown in Figure 
10.2.12(c), remains relatively rigid in nature. By the end of this period the differential 
between the front and rear facades has reduced significantly, although the front facade 
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has still undergone greater settlement throughout its length. 
The front facade profile for Period 10, which is shown in Figure 10.2.11(d), 
becomes increasingly flexible in nature as the subsequent, southerly drive of the JLE/NL 
interchange passage progresses beneath the western half of the building footprint (see 
Figure 10.2.1). This configuration of the profile is largely retained for the remainder of 
the monitoring period, approximately uniform settlement being recorded throughout the 
remaining period (see Figure 10.2.11(e)). As shown in Figure 10.2.12(d) the rear 
facade profile also starts to develop a sagging profile over much of its length in Period 
10; it becomes more pronounced on the excavation of the JLE/NL interchange passage 
pilot headings over the station concourse tunnel in Period 11 (see Figure 10.2.12(e)). 
The base of the trough appears offset from the line of the tunnel. As with the front 
facade in Period 10, the rear facade essentially retains this profile for the remainder of 
the monitoring period. Settlements along the rear facade are generally uniform in 
character during these periods. 
In summary, once implementation of compensation grouting protective measures 
ceased in the vicinity, the longitudinal facades of Telephone House responded in an 
increasingly flexible manner to the remaining sub-surface excavations; the relative 
deflections, however, were small throughout. Overall settlements and corresponding 
differentials vary along and across the facades respectively. In Periods 7 and 8, the 
differential is generally orientated towards the northeast-facing, front facade, as a 
flexible response develops along this facade, suggesting a twisting, racking type of 
deformation in three dimensions. In Periods 10 and 11 the orientation of the differential 
across the facades alternates between front and rear along the length of the building, 
correlating with the passage of the JLE/NL interchange passage and reflecting the skew 
of this sub-surface structure in relation to the building footprint. It can be seen from 
Figures 10.2.11(e) & 10.2.12(e) that the base of the sagging portion of the profile along 
the front facade is closer to the NW comer of Telephone House than that on the 
corresponding rear facade. By the end of Period 11, overall settlement is greatest within 
the base of the sag of the rear facade profile. The corresponding transverse response 
of the cross walls is described in Sub-section 10.2.1.5 below, while twist is discussed in 
more detail in Sub-section 10.2.1.7. 
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10.2.1.3 Distortion 
In this sub-section distortions are considered both locally and globally in terms of 
slope (or rotation) and deflection ratio; positive rotation is defined as an upward slope 
from west to east. The sign convention adopted in subsequent deflection ratio 
determinations defines positive values as representative of a sagging mode of 
deformation. As noted previously, the monitoring point locations along the rear facade 
of the building, and thus the corresponding span lengths, are not known with complete 
certainty. As a result distortion parameter determinations are not presented for this 
facade; general comparisons between the front and rear facades are, however, made. 
The variation in slope for those spans along the front, northeast-facing facade of 
Telephone House, whose lengths are known with certainty, are presented in Figure 
10.2.16(a); the respective construction/monitoring periods have been superimposed 
upon this and subsequent figures presented in this sub-section. The spans are 
generally clustered around the origin until January 1996; thereafter, the slopes of the 
individual spans exhibit much greater variance as the large diameter tunnel excavations 
progress beneath the building footprint. The variance reflects the areal distribution and 
sequencing of the underground works and associated ground treatment operations in 
relation to the facade. 
Distortions have been determined locally in two locations along the front facade; 
between monitoring points, nos. 1317-1319, in the western half of the facade, and nos. 
1322-1324, in the corresponding eastern half (see Figures 10.2.6 & 10.2.11). The 
measured spans between these adjacent monitoring points are approximately equal. 
The variation in slope with time for these pairs of points is presented in Figures 
10.2.16(b) & (c). The slopes generally vary between +0.5 and -2 mm/m, i.e. 1 in 2000 
and 1 in 500 respectively. The most significant responses for both sets of monitoring 
points occur around about the cessation of compensation grouting ground treatment 
operations. For monitoring points, nos. 1317-1319, the slopes are similar in nature and 
magnitude until the end of Period 7. The slopes remain close to the origin until May 
1996, after which both spans exhibit a rapid increase in slope, to approximately +0.5 
mm/m. coinciding with the excavation of the western ventilation tunnel, during the latter 
part of Period 7. In Period 8, when the first stage of the JLE/NL interchange passage 
and the enlargement to the station concourse tunnel are undertaken, the magnitude and 
nature of the slopes of these spans diverge. The slope of the westernmost span. 
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between monitoring points, nos. 1317 & 1318, leaving reached a peak of the order of 
+0.5 mm/m, rapidly changes to -0.5 mm/m by the end of Period 9. In subsequent 
construction/monitoring periods the rate of increase slows, the slope increasing to about 
-0.75 mm/m by the end of Period 11. On attaining a slope of the order of +0.5 mm/m 
the slope of the corresponding easternmost span, between monitoring points, nos 1318-
1319, then reduces approximately uniformly through Periods 8 to 11, returning to the 
origin. 
For the slopes in the eastern half of the facade, which are shown in Figure 
10.2.16(c), the slope between monitoring points, nos. 1322 and 1323 remains largely 
constant throughout monitoring, close to the origin, while the adjacent span, between 
monitoring points, nos. 1323 and 1324, next to the BT Building, exhibits relatively large 
fluctuations. The fluctuations correspond approximately with the more significant 
construction works; several peaks and troughs associated with the station tunnel 
enlargements and the station concourse tunnel pilot and subsequent enlargement, are 
clearly evident. Slopes approaching -2.0 mm/m, i.e. 1 in 500, were recorded. Overall, 
an increasingly negative gradient is indicated. 
The corresponding deflection ratios for these local areas of the facade are 
presented in Figure 10.2.17. Angular strain is equal to the change in slope between 
adjacent pairs of monitoring points. It is uniquely related to angular distortion and 
deflection ratio if the points used in its determination are approximately evenly spaced 
out. The deflection ratio for the spans in the western half of the facade, which are 
shown in Figure 10.2.17(a), exhibit little variation up until the end of May 1996, being 
close to the origin throughout this time. Between the beginning of June and the 
beginning of December 1996, as the slopes diverge, the deflection ratio increases 
progressively to a peak of almost 0.02 % sagging; it remains approximately constant 
thereafter. The spans in the eastern half of the facade exhibit more activity and, as 
shown in Figure 10.2.17(b), the deflection ratio responds accordingly. It varies between 
approximately 0.02 % sagging and 0.04 % hogging over this time. At the end of 
monitoring it is about 0.02 % hogging, having been 0.04 % hogging on two earlier 
occasions; namely, at the end of the eastbound station tunnel enlargement works and 
on completion of the station concourse pilot tunnel works. 
Global behaviour was determined through the consideration of relative deflection 
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over the entire length of the front facade. Relative deflection of the northeast-facing, 
front facade varies as shown in Figure 10.2.18. In general, only hogging values of 
deflection ratio have been included in this figure. A much smaller, more selective 
number of determinations are presented than was locally; the transient variations 
resulting from compensation grouting and the like, are largely omitted as a result. 
Nevertheless, the magnitude and variation of the overall relative deflection is similar to 
that determined locally. 
In summary, the slopes and deflection ratios, both locally and globally, 
determined along the front facade of Telephone House are, in relative terms, small in 
magnitude, equivalent to a damage category of zero, negligible. Those in the eastern 
half of the building exhibit greater variation during underground construction, reflecting 
the scope, areal distribution and sequencing of these works in relation to the Telephone 
House building footprint. As noted above, the reliability of the monitoring point locations 
on the rear facade is such that subsequent distortion parameter determinations would 
not be accurate. The longitudinal profiles for this facade, which are shown in Figure 
10.2.11, are, however, useful in defining its approximate behaviour in relation to the 
corresponding front facade (see Figures 10.2.11,10.2.16,10.2.17 & 10.2.18). Based 
on a comparison of these facade profiles, it is likely that the slopes and deflection ratios 
along the rear facade, although not wholly similar in nature throughout, are of the same 
order of magnitude as those determined for the front facade. 
10.2.1.4 Total Station iVionitoring 
The three-dimensional response of the front, north-facing facade of Telephone 
House was captured employing total station surveying techniques: vertical 
displacements, and in- and out-of-plane horizontal movements (i.e. movements parallel 
and perpendicular to the building facade) were determined. Three rows of retro-
reflective targets, which are shown in Figure 10.2.7, were installed along the facade; at 
first, between second and third, and fourth floor levels. As such the measurements 
subsequently made are considered representative of the structure as a whole; when 
account is taken of the storeys adjacent to and level with the arches (i.e. below ground 
level on London Bridge Street), which support London Bridge Street, the retro-reflective 
targets are actually further above ground level. This is the case for the three buildings 
on London Bridge Street. The individual retro-reflective targets, which make up the 
three rows along the building facade, are not coincident in plan (see Figure 10.2.7); the 
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groupings for vertical profile generation are offset by up to 4 m. In addition, the target 
elevations vary by up to about 0.5 m along each row. A total of twenty-nine surveys 
were made during underground construction; the limited number of surveys made in 
relation to the complexity of the works has generally meant that it is difficult to relate 
movements to specific construction activities and only overall relative behaviour can be 
discussed. 
As it was not possible to take any measurements at this, or the adjacent 
buildings monitored in this manner, before construction commenced in the vicinity, these 
measurements represent relative not absolute three-dimensional building movements. 
The first total station survey was made during July 1995, by which time excavation of the 
westbound station pilot tunnel was in progress in the vicinity, and several compensation 
grouting episodes had taken place in the area. The precision levelling data presented in 
Figure 10.2.10, indicate vertical displacements of the order of 5 mm having occurred as 
a result of these activities. Little movement was recorded by the total station surveys 
carried out initially, which coincided with the excavation of the eastbound station pilot 
tunnel in the vicinity. Lastly, total station surveying ceased at London Bridge in May 
1997, before the completion of underground construction. 
10.2.1.4.1 Vertical Displacements 
A comparison between the time-settlement behaviour recorded for each of the 
retro-reflective targets mounted on the front facade of Telephone House, and shown in 
Figure 10.2.7, and precision levelling monitoring point, no.1320, which is situated about 
mid-way along the facade (see Figure 10.2.6), is presented in Figure 10.2.19(a). In 
general, the vertical displacements measured by the total station correlate well with the 
corresponding precision levelling data. As shown in Figures 10.2.19(b), 10.2.19(c) & 
10.2.19(d), there is also good agreement between and along the individual rows of retro-
reflective targets. However, it appears that the higher up a building facade a retro-
reflective target is positioned, the more likely it is that the subsequent measurements 
suffer thermally-induced error and associated scatter; this is true for all the buildings 
monitored in this way at London Bridge. 
10.2.1.4.2 In-plane Horizontal Movements 
The in-plane horizontal movements of the building facade provide insight into 
both behaviour along the facade and that at the construction joints between the adjacent 
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buildings monitored in this way; the sign convention used assumes that positive 
movements are directed eastwards, up London Bridge Street. For the northeast-facing 
facade of Telephone House, both the incremental and cumulative in-plane horizontal 
movements of the retro-reflective targets, measured during underground construction, 
were small generally varying within ±5 mm of the initial datum, i.e. not much greater than 
the accuracy of the measurements; there is the suggestion of increasing movement in 
an easterly direction. These movements are not presented herein; rather, the variation 
in in-plane horizontal strain, which, although of similar magnitude, essentially reflects the 
nature of the in-plane horizontal movements (see Sub-section 10.2.1.4.3 below). 
The measurements to the westernmost bottom target, no.21, are more erratic 
than the others; this behaviour is attributed to its relative proximity to the archway, which 
leads to the rear courtyard, at this end of the structure (see Figures 10.2.1 & 10.2.7). 
The behaviour at the construction joint between Telephone House and the BT Building is 
discussed along with that between the BT Building and Fielden House, in Sub-section 
10.3.1.4.3. 
10.2.1.4.3 in-plane Horizontal Strains 
The variation in in-plane .horizontal strain between adjacent retro-reflective 
targets has been examined for this building through the reduction of the corresponding 
in-plane horizontal movements. A structural engineering sign convention has been 
adopted throughout, i.e. positive values relate to extension, negative values to 
compression. The incremental values of horizontal strain determined for the various 
spans along the facade are presented in Figure 10.2.20(a) while the corresponding 
cumulative values are presented in Figure 10.2.20(b); the respective 
construction/monitoring periods have been superimposed upon both figures. Similar 
symbols have been used for those spans along the same row of retro-reflective targets. 
The values of horizontal strain developed generally vary within the range 200 microstrain 
compression and 200 microstrain extension, both incrementally and cumulatively. The 
values determined for the westernmost bottom span, 21-22, are, similarly to the in-plane 
movement of the corresponding retro-reflective target, more erratic than the others, with 
increments varying between about 600 microstrain extension and 400 microstrain 
compression. 
Within the accuracy of the measurements, the strains determined for those 
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spans higher up the facade are not marl<edly different from those at a lower level; there 
is no apparent tendency for the horizontal strains to change with increasing height. The 
influence of the compensation grouting protective measures in restricting differential 
vertical movements and thus corresponding horizontal strains during tunnel excavation 
is not particularly evident within the dataset. Following the cessation of grouting 
operations in June 1996, the horizontal strains remain largely as before in magnitude 
and nature. Such behaviour is not unexpected, as although the absolute values of 
downward vertical displacement increased significantly following the cessation of 
grouting, the corresponding differential settlements did not; the strains developed in the 
structure reflect this response. 
Of particular note along the bottom row of retro-reflective target spans, is the 
behaviour of the span adjacent to the junction with the BT Building, 25-26, (see Figure 
10.2.7) during February and March 1996 as the excavation face of the enlargement to 
the eastbound station pilot tunnel passed beneath the building. Figure 10.2.21 shows 
the variation in in-plane horizontal strain captured through the total station surveying of 
the facade at this time, during the enlargements of the pilot excavations for the station 
tunnels. The time at which the axis of the enlarged tunnel is directly beneath the 
northeast-facing facade of Telephone House is shown on this figure; the skew of the 
tunnel in relation to the building footprint is such that the northern shoulder of the 
enlarged tunnel passes beneath the facade in advance of the axis. In addition, there 
was a short pause in excavation between the northern shoulder and the axis of the 
enlarged tunnel passing beneath the facade. The daily volume of grout injected into the 
London Clay in the vicinity of Telephone House together with the corresponding 
cumulative volume of grout injected over this period are also shown in this figure. 
Once the enlargement works to the pilot tunnel had passed beneath the building 
footprint and were under the adjacent brickwork arches, relatively large incremental 
tensile strains were generated within this span; it is located directly above the northern 
flank of the sub-surface structure. The development of these strains also coincided 
approximately with a reduction in compensation grouting in the vicinity. These tensile 
strains were reversed soon thereafter, correlating approximately with subsequent 
corrective grouting episodes. Although the variation in horizontal strain for this span is 
within the overall accuracy of the measurements made, the correlation with the 
construction activities in progress at the time suggests that the response captured is 
-255-
Chapter 10: London Bridge Street 
real; similar behaviour is exhibited in the span above, 19-20. The effectiveness of the 
compensation grouting in both arresting and correcting for differential movements along 
the facade are also illustrated; tensile strains only developed once the excavation face 
was beneath the brickwork arches, which were not subject to protective measures, and 
the intensity of compensation grouting had been reduced beneath the Telephone House 
building footprint. Interestingly, the adjacent span, 24-25, which is located immediately 
to the west of the eastbound station tunnel did not exhibit a marked response to the 
passage of the enlargement works. 
For the vast majority of the measurements made, the strains subsequently 
evaluated are less than 500 microstrain, the value of limiting tensile strain delineating 
damage categories 0 and 1, negligible and very slight (Boscardin & Cording, 1989). 
When considered with corresponding deflection ratio estimations over the same period 
(see Sub-section 10.2.1.3), a damage category of 2, slight, or below is indicated 
(Burland, 1995). 
10.2.1.4.4 Out-of-plane Horizontal Movements 
The out-of-plane horizontal movements measured along the northeast-facing, 
front facade of Telephone House provide insight into the orthogonal behaviour of the 
facade. In general, the incremental out-of-plane horizontal movements measured along 
the front facade vary within the ranges: ±5 mm, adjacent to the western end of 
Telephone House, up to ±10 mm at the opposite, eastern end, next to the BT Building. 
There is also a tendency for increasing displacement with increasing height. Positive 
movements are directed northwards towards London Bridge Street. 
The measured cumulative movements of the retro-reflective targets normal to the 
facade for five sections along its length - AA, BB, CC, DD and EE - are shown in 
Figures 10.2.22 & 10.2.23. Two periods are selected; between October 1995 and 
March 1996, and between March 1996 and May 1997. Figure 10.2.22 shows the 
response of the facade in this plane to the enlargement of the eastbound station tunnel 
in Periods 4 and 5, while Figure 10.2.23 illustrates the general behaviour over the period 
when the station concourse, western ventilation tunnel, JLE/NL interchange passage 
and eastern escalator shaft were excavated beneath Telephone House; there is a 
particular paucity of data in the latter case and only an overall summary of the building 
response is possible. As far as possible consistent sets of data have been plotted on 
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these profiles; only that number of profiles sufficient to illustrate the point being made 
are presented. The locations of the sections are shown in Figure 10.2.7. 
The out-of-plane movements of the building facade shown in Figure 10.2.22, 
generally increase in an easterly direction along London Bridge Street. For the most 
part movements of up to 10 mm, directed towards London Bridge Street, were 
measured. Adjacent to the junction with the BT Building much larger movements, of the 
order of a factor of two greater, were recorded. Between approximately 15 and 28 mm 
of horizontal movement, directed northwards into London Bridge Street, was observed 
(see Figure 10.2.22(e)). The movements at this end of the structure are being 
governed largely by those of the adjacent BT Building in response to the underground 
works (see Sub-section 10.3.1.4.5 below); the relative foundation levels of the two 
buildings are a significant factor in this regard. The mode of the out-of-plane movement 
during this period, was predominantly one of tilt; not more than about 5 mm, can be 
attributed to translation. These outward movements into London Bridge Street were 
reversed somewhat following the application of compensation grouting ground 
treatment. 
With the exception of the section adjacent to the BT Building, Section EE, the 
data shown in Figure 10.2.23, indicates that, by the end of monitoring, the facade had 
returned largely to its initial datum. This is consistent with the areal distribution of the 
construction activities undertaken over this period, which were generally situated to the 
south of the facade. The limited data available for Section EE, indicates that little 
movement was measured over this period with the out-of-plane movements remaining at 
between about 10 and 20 mm; this lack of movement in combination with the reversal 
observed along the facade to the west would locally accentuate the overall twisting 
mode of deformation in the vertical, 'x-z' plane of the building superstructure. The 
damage recorded within the building is concentrated in this, the NE corner, of the 
footprint (see Sub-section 10.2.2.2 below). The general trends exhibited by the real-
time monitoring data captured by the electrolevel beams in the sub-basement are also 
consistent with the behaviour of the facade (see Sub-section 10.2.1.5 below) as are the 
precision levelling measurements made around the perimeter of the building (see Sub-
sections 10.2.1.1 & 10.2.1.2 above). 
Overall, the data suggests that this facade of Telephone House is responding to 
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the underground works through a combination of translation and tilt, with tilt 
predominating in the response. The magnitude of the tilt varies along the length of the 
facade, resulting in a twisting mode of deformation in the vertical, 'x-z' plane of the 
building superstructure. 
10.2.1.5 Cross Wall Behaviour 
The nature of the transverse response of Telephone House is considered in this 
sub-section through the behaviour of the electrolevel beam strings installed within the 
building (see Figure 10.2.8). In this plane, across the building footprint, the geometry 
and structural form of Telephone House - narrow, load-bearing masonry walls on strip 
footings - imply a relatively stiff response in comparison to that exhibited by the 
corresponding longitudinal facades. Where internal load-bearing cross walls have been 
removed it has been assumed that its strip foundation remains, implying a cellular 
configuration to the foundations. 
As shown in Figure 10.2.8, several strings of electrolevel beams were installed in 
the sub-basement of Telephone House; two strings ran the length of each longitudinal 
facade while four strings were positioned across the building footprint, approximately 
coincident with the cross walls of the structure and dividing the basement into three, 
approximately equal units. A largely continuous sequence of data is available from 16 
December 1995 until 10 September 1996; data is not available for the initial period of 
underground construction. By the time the data starts several excavation phases and 
compensation grouting episodes had taken place in the area resulting in vertical 
displacements of between 5 and 10 mm at Telephone House (see Figures 10.2.4 & 
10.2.10). 
Profiles of relative vertical displacement for each of the electrolevel beam strings 
- the A, E, F and C-Series - running along the cross walls of Telephone House, are 
shown in Figures 10.2.24 to 26, during the excavation of the station tunnel 
enlargements, concourse tunnel pilot and subsequent enlargement in Periods 4 & 5, 7 
and 8 respectively. The magnitudes of these relative vertical movements are greatest 
closest to the underground works, decreasing with increasing distance from them. The 
data indicate that the transverse cross walls responded in a largely rigid manner to the 
various excavation and ground treatment episodes undertaken over the monitoring 
period. The profiles for the C-Series string, which is situated adjacent to the BT 
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Building, diverge most from this behaviour, becoming less rigid in nature with the 
cessation of compensation grouting in the vicinity, suggesting a very slight hogging 
mode of deformation. Such a response would not be unexpected given its position 
relative to the excavations in progress at the time. 
The nature of these movements is such that, when viewed from west to east, 
from the A- to the E- to the F- to the C-Series, a clear pattern of twist along the length of 
the building emerges. As shown in Figure 10.2.24, the southern ends of both the A-
and E-Series electrolevel beam strings move upwards by between about 4 and 5 mm, 
relative to their opposite, northern ends in Periods 4 & 5. In contrast, the northern ends 
of the F- and C-Series electrolevel beam strings move down by about 2 to 3 mm, and by 
up to 10 mm, relative to their southern ends over this time. Intervening compensation 
grouting episodes are superimposed upon, and contribute to, this general pattern of 
behaviour. In Period 7, the nature and magnitude of the relative vertical displacements 
of the A- and E-Series strings, which are shown in Figure 10.2.25, are generally similar 
to those of Periods 4 & 5. Overall, the F-Series string continues to indicate downward 
movement of some 2 to 3 mm, for the northern end of the string relative to its opposite 
southern end; in the interim both upward and downward incremental relative movements 
of the beams are recorded. By the end of Period 7, the northern end of the C-Series 
string has moved downwards relative to its opposite, southern end by between 5 and 10 
mm. 
During the enlargement of the station concourse tunnel in Period 8, which is 
shown in Figure 10.2.26, the southern ends of the A- and E-Series strings, which are 
situated in the western half of the building footprint (see Figure 10.2.8), move down 
incrementally by some 2 to 3 mm relative to their northern ends. Overall, the southern 
ends of these strings remain above the corresponding northern ends. In contrast, the 
northern end of the F-Series string moves upwards incrementally by some 6 to 7 mm, 
relative to its southern end, and by almost 5 mm overall. The northern end of the C-
Series string also moves upwards relative to its southern end during Period 8, such that 
by the end of the period there is little differential movement along the string. The above 
relative movements are consistent with the corresponding absolute movements 
measured by precision levelling, and presented in Sub-section 10.2.1.2. The three-
dimensional response of Telephone House is discussed in more detail in Sub-section 
10.2.1.7 below. 
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The corresponding longitudinal strings have been found on data reduction to be 
adversely affected by the prevailing environmental conditions (see Section 7.3.5.3 of 
Chapter 7 for details) and are not considered further herein. 
10.2.1.6 Twist 
In this sub-section the three-dimensional response of the building footprint is 
considered. The longitudinal response of the front and rear facades of Telephone 
House, shown in Figures 10.2.11 & 10.2.12, has been considered in Sub-section 
10.2.1.2, while the corresponding transverse response, shown in Figures 10.2.14-26, 
was considered in Sub-section 10.2.1.5. The flexible nature, in both relative and 
comparative terms, of the response of the longitudinal facades in relation to that 
observed transversely suggests a twisting, racking type of behaviour in three 
dimensions; the skew angles of the tunnels relative to the building footprint would have 
exacerbated this type of response. Ideally, for such a configuration, twist would be 
considered in the longitudinal direction (see Sub-section 10.3.1.7). In this case, 
limitations with the dataset preclude such an approach (see Sub-section 10.2.1.5). As 
an alternative twist is considered in the shorter, transverse direction. 
It is instructive in the first instance to view several front and rear facade profiles 
of similar date superimposed upon one another. Such profiles for selected dates in 
Periods 7 ,8 ,10 and 11 are shown in Figures 10.2.27 to 10.2.30; the dates selected 
correspond with those used for the earlier longitudinal facade profiles (see Figures 
10.2.11 & 10.2.12). The front and rear profiles shown in Figure 10.2.27 for Period 7, 
are generally of a similar nature, albeit settlement is greater along the front facade 
throughout. This differential between the front and rear facades varies both along their 
lengths, and with time. Twist is caused by this variation. The corresponding transverse 
profiles of relative vertical displacement, shown in Figure 10.2.25 are consistent with 
such behaviour. 
The front and rear longitudinal facade profiles for dates in Period 8 shown in 
Figure 10.2.28, are, initially, also, like those of Period 7, generally similar in nature; a 
variable differential is maintained between the facades along the length of the building. 
In the second half of Period 8, however, approximately coincident with the cessation of 
compensation grouting ground treatment operations in the vicinity, a more flexible 
response becomes apparent, particularly along the front facade, and the nature of the 
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profiles diverge. This divergence exacerbates the twisting effect across the building 
footprint. The most significant transverse movements occur along the F-Series string in 
this period (see Figure 10.2.26(c)). By the end of Period 8, the relative vertical 
displacement profile indicates that the northern end of the string is almost 5 mm above 
the corresponding southern end; at the start of the period it was some 2-3 mm below the 
southern end. The character of the A- and E-Series profiles (see Figures 10.2.26(a) & 
(b)) remain largely unchanged in Period 8, although the magnitude of the relative 
differential decreases in both cases. The profiles for the C-Series string at the eastern 
end of the building footprint, which are shown in Figure 10.2.26(d), indicate upward 
movement of the order of 5 mm at the northern end of the electrolevel beam string in 
this period. This behaviour, when considered in conjunction with that of the adjacent F-
Series, suggests a reversal in the orientation of the twist over this time, for this part of 
the building footprint. 
As shown in Figure 10.2.29 the longitudinal facade profiles diverge further in 
Period 10, correlating with the excavation of the JLE/NL interchange passage in the 
vicinity, particularly within the western half of the profile. Such behaviour results in an 
increase in twist within the building footprint. Transverse profiles are not available 
beyond Period 8 and thus the magnitude of this parameter cannot be established. In 
Period 11 (see Figures 10.2.29 & 10.2.30), the western halves of the front and rear 
profiles converge while those of the corresponding eastern halves diverge; the 
orientation and magnitude of twisting changes accordingly. By the end of this period, 
the profiles are approaching coincidence throughout. 
The above commentary suggests that twist could be a contributory feature of the 
response of Telephone House to the tunnelling-induced ground subsidence. The 
agreement between the different forms of monitoring provides corroboration of the 
phenomenon. Its transient nature has also been highlighted. The twisting mode of 
deformation captured during the total station monitoring of the front, north-facing facade 
further complicates the nature of the overall response of the building: a torsional 
movement. The geometry as well as the structural nature and fabric of the building, 
load-bearing brick walls with lime mortar joints, would have helped induce such 
behaviour. 
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10.2.2 Damage Recorded 
As shown in Figure 10.2.31, the damage observed within Telephone House 
during the construction of the JLE London Bridge underground station was concentrated 
within the NE corner of the building; at its junction with the adjacent BT Building, and 
along its northeasterly-facing, longitudinal facade, at the interface between the building 
and the adjacent brickwork arches, which support London Bridge Street. Overall, the 
damage was categorised as 'slight' {BRE, 1995), although category 3, 'moderate', 
damage was recorded locally. In the following sub-sections the more significant damage 
recorded is described, in chronological order, correlating construction activities and 
overall building response with the onset and propagation of the cracks, their relative 
locations, orientations and severity. The corresponding sections for subsequent case 
history buildings in this and following chapters take the same approach. 
When considering the crack monitoring data, it should be borne in mind that the 
crack gauges are unlikely to have been read at the same time each time they were 
monitored during underground construction given access restrictions imposed on the 
JLEP by building owners and other construction-related commitments; this is the case 
for all the case history buildings at London Bridge. Thus, not only will there be a 
seasonal thermal influence superimposed upon the response of the cracks to the 
underground works but also a diurnal one. In general, temperatures were not measured 
during crack monitoring and thus corrections for these effects cannot be attempted. 
Another feature of the crack monitoring strategy adopted at London Bridge, which has 
had a significant influence on subsequent analysis and interpretation, is its reactive 
nature; movement had resumed on most cracks before monitoring commenced and thus 
all measurements presented herein relate to relative movements. 
10.2.2.1 Junction with London Bridge Street Arches 
In this sub-section the damage that was recorded along the junction between the 
longitudinal facade of Telephone House abutting London Bridge Street and the adjacent 
brickwork arches is considered (see Figures 10.2.31 and 10.2.32). The nature of the 
roadside vaults and associated pavement lights are shown in Plates 10.2.1 to 10.2.7, 
together with some of the cracking observed. A number of pre-existing, tapering, sub-
vertical cracks had been recorded along this junction ( a pseudo construction joint) in the 
pre-construction building condition surveys and defect inspections. These re-opened 
during the construction of the JLE underground station. 
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In November 1995, with the enlargement of the eastbound station pilot tunnel in 
progress, movement resumed across some of the sub-vertical cracks. Widths 
measured along one of these cracks, THC No.1 (see Figure 10.2.32), on 12 December 
1995 ranged from 10 mm at sub-basement level, THC No. 1a, to 24 mm at basement 
level, THC No.lb. The corresponding precision level data for the front and rear facades 
at this time, some of which is shown in Figure 10.2.10, indicates that, in general, the 
front facade is settling by more than the rear facade, i.e. the building is tilting northwards 
towards London Bridge Street. This movement left the beams of the pavement lights 
effectively unsupported along their northern edges, and not functioning as 
simply-supported beams as originally intended. While movement may have been taking 
place over a considerable period prior to the JLEP, the rate appeared to have increased 
significantly recently. In order to ensure the stability of the footpath lights, temporary 
propping was provided in the form of steel frames braced back to Telephone House. 
The mode of deformation suggested by the various monitoring data is a combination of 
settlement and rotation of the brickwork arch structures away from Telephone House. 
The compensation grouting protective measures implemented did not extend beneath 
the brickwork arches. 
Monitoring of crack THC No.1 was subsequently undertaken; tell-tales, THC 
No.la and lb , were installed over the crack at sub-basement and basement levels 
respectively (see Figures 10.2.31 and 10.2.32). The variation in measured crack 
movement with time for these sections of crack THC No.1 in relation to the underground 
works taking place, is presented in Figure 10.2.33. Overall, closure was recorded for 
both sections of the crack; about 1.3 mm for THC No.1 a and almost 8.5 mm for THC 
No.lb. The nature of the time-measured crack movement profiles is similar although the 
magnitudes involved are quite different, reflecting the relative crack section height. 
Towards the end of construction/monitoring Period 5, both sections of the crack, 
particularly THC No.lb at basement level, experience rapid closure. This corresponds 
with the grout jacking implemented to the rear facade at this time (see Sub-section 
10.2.1.2), i.e. increasing the northerly tilt of the building, thus inducing crack closure. 
The rate of closure decreases in the following periods, 6 and 7, before abrupt closure 
takes place at the end of Period 7, and into Period 8. 
As shown in Figure 10.2.34, other pre-existing sub-vertical cracks monitored 
along this junction (see Figure 10.2.9) exhibited generally similar behaviour. 
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10.2.2.2 Eastern End of Telephone House 
In Figure 10.2.35 and Plates 10.2.8 to 10.2.11, the pre-existing cracking that 
was observed at the junction between the ceiling and walls of the eastern corner of the 
BT Building at both second and third floor levels is shown following the resumption of 
movement. The cracks, which were approximately 1.5 m in length, were widest, at 
about 1 mm, on the third floor (see Figure 10.2.35(a)). Pre-existing horizontal cracks, 
running approximately parallel to the front fagade of the structure, were also recorded in 
the eastern corner of the third-floor ceiling; this cracking is a reflection of the structural 
detail employed for the floors of this building (see Sub-section 8.3.6 of Chapter 8 for 
further details). Telephone House is typical of buildings of its age and type, a 
Victorian/Edwardian bearing wall structure, in that it is not tied laterally; cracking and 
separation of the external bearing walls from the interior floors is a common feature with 
such structures, particularly when exposed to subsidence-related movements 
(Powderham et al., 2003). 
As shown in Figure 10.2.35, other cracks were observed on the second and third 
floors, within the rectangular recesses of the eastern gable-end wall, at the junction 
between Telephone House and the BT Building. The cracking was concentrated within 
the side panels, where the recesses span the original construction joint between the 
buildings (see Sub-section 8.3.6 of Chapter 8 for further details); cracking was more 
widespread on the second floor (see Figure 10.2.35(b)). Movement resuming along 
these cracks was first discovered on 21 February 1996, when the eastbound station 
tunnel enlargement excavation was in progress; the width and shear displacement of 
crack, THO No.4, at the top of the third floor recess (see Figure 10.35(a)), was 5 mm. 
The shear displacement indicated that the adjacent BT Building had moved 
approximately 5 mm, in a northeasterly direction, towards London Bridge Street, while 
also having settled about 5 mm relative to Telephone House. This is consistent with the 
total station data for Section A-A of the BT Building (see Sub-section 10.3.1.4) for this 
period. Over the following 12 months or so, there was a reversal of about 3 mm in 
relative shear displacement leaving a residual relative shear displacement of 
approximately 2 mm, while the crack itself closed almost completely. Although this 
crack and others in this area were subsequently monitored, incompatibilities between the 
feature being monitored and the measuring technique employed, invalidate their 
inclusion in the analysis and interpretation of building behaviour. The behaviour of the 
crack, THO No.6, at the bottom of the second floor recess (see Figure 10.2.35(b)), 
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however, was monitored through a combination of metal discs and vernier callipers. The 
variation in relative crack movement over time is presented in Figure 10.2.36. Overall, 
crack closure of the order of 3 mm is indicated; closure is most rapid during Period 6, 
when compensation grouting was undertaken in the vicinity. 
As is evident from Figure 10.2.37, similar crack patterns to those noted within 
the second and third floors were also observed in the eastern corners of the basement 
and sub-basement. In the sub-basement, these cracks were up to 2.5 mm wide, with 
cracking in the ceiling and at the junction between the ceiling and eastern wall. A 
section of the gable-end masonry wall of Telephone House is structurally connected at 
this level to the adjacent brickwork arches. As the arches moved down and away from 
the building, extensional and shear cracking developed in the ceiling and walls. 
10.2.3 Summary 
In the preceding sections the salient aspects of the response of Telephone 
House to the JLEP sub-surface works have been presented. The geometry of this 
structure, an irregular rectangle in plan with longitudinal aspect ratios four times that 
transversely, and structural form, load-bearing brickwork superstructure supported on 
reinforced concrete strip footings, implied a stiffer response would be exhibited across 
the building footprint than along its length. Such behaviour suggests that a twisting 
mode of deformation, three-dimensionally, could be significant in the overall building 
response. 
Overall, the damage observed throughout Telephone House as a result of the 
underground works was categorised by the JLEP as 'slight' (BRE, 1995) with some 
category 3, 'moderate', damage recorded locally. The in-plane horizontal strains and 
corresponding deflection ratios determined in this research programme are consistent 
with this damage category, as are the crack widths and corresponding relative 
movements. 
By the end of the monitoring period the total settlement recorded varied between 
approximately 50 and 60 mm along the front, northeast-facing facade, and between 
approximately 50 and 65 mm along the southwest-facing, rear facade. The maximum 
downward vertical displacement measured was in the SE corner of the building footprint, 
above the concourse of the underground station. Differential settlements of up to 15 
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mm were observed both along and across the building footprint. 
The greatest incremental settlements occurred in response to the construction of 
the larger diameter sub-surface structures through disturbed ground that had previously 
undergone shearing, such as the enlargement of the eastbound station tunnel pilot, the 
station concourse tunnel and the pilot headings for the JLE/NL interchange passage 
above the station/concourse tunnels. The response induced by the latter headings is of 
particular note. Relatively large magnitude, of the order of 20 mm, approximately 
uniform, downward vertical movement was observed on the formation of these pilot 
headings to the south of the Telephone House building footprint. Other smaller diameter 
shafts and tunnels, irrespective of relative location, generally had much less influence on 
the behaviour of the building. 
Beneath the Telephone House building footprint, compensation grouting was 
used to minimise absolute movements and thus maintain a relatively linear response, 
overall, in both longitudinal and transverse planes, to the tunnelling-induced ground 
subsidence. The general compensation grouting strategy adopted at London Bridge, of 
allowing subsidence to occur followed by jacking to correct for such movements, results 
in an alternating relatively flexible and rigid settlement profile superimposed upon this 
overall relatively rigid response. On occasions, such as in Period 5, when heave of the 
order of 10 mm was induced locally, the grouting significantly over-compensated for the 
ground subsidence. Following the cessation of these protective measures a relatively 
more flexible response is evident longitudinally, which is maintained, and developed 
upon, in the remainder of the monitoring period. It is considered likely that, given the 
geometry and structural form of the building, the response across the footprint would 
remain relatively rigid in nature following the end of ground treatment operations in the 
vicinity. 
Distortion of the building has been quantified through the variation in slope and 
deflection ratio along the front facade. The corresponding behaviour along the rear 
facade has been inferred from the results of the front facade in conjunction with the 
relative responses of both front and rear longitudinal facade profiles. Shortcomings with 
the data precluded any more detailed analysis and interpretation of these parameters 
along the rear facade. The variation in slope and deflection ratio along the front facade 
generally reflects the construction activities in progress, and are, in relative terms, small 
in magnitude, being equivalent to a damage category of zero, negligible. The greatest 
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hogging deflection ratios, of approximately 0.04%, occur within the eastern half of the 
facade in response to the enlargement of the eastbound station tunnel pilot, and the 
formation of the pilot tunnel for the station concourse. The cessation of compensation 
grouting protective measures beneath the building footprint coincides approximately with 
a progressive reduction in hogging deformation. The mode of deformation exhibited by 
the western half of the facade is of a largely sagging nature throughout the monitoring 
period. 
The horizontal strains reduced from the total station surveying data, at ±200 
microstrain typically, are largely within the accuracy of the measurements made. The 
development of tensile strains in response to the passage of the eastbound station 
tunnel enlargement works beneath the eastern flank of the building footprint has been 
captured. The shortcoming in reducing the intensity of grout injection on the immediate 
passage of the excavation face has been highlighted by this case history. The 
corresponding out-of-plane movements determined from the total station surveying 
measurements, demonstrate that tilt is the dominant form of movement in the 'x-z' plane 
of the northeast-facing facade, increasing eastwards up London Bridge Street. By the 
end of monitoring, out-of-plane movement is only recorded at that part of the facade 
adjacent to the BT Building; the remainder of the facade has tilted back to its original 
position. 
Twist was also a feature of the response of Telephone House. A clear pattern is 
evident both along and across the building footprint, although its impact in relation to the 
damage caused is considered to be limited. In addition to the twisting, racking mode of 
deformation identified for the sub-structure, the total station surveying indicates that the 
northeast-facing, front facade of the superstructure is also subject to a twisting form of 
deformation; suggesting a torsional movement overall. 
The damage observed within Telephone House was concentrated within the NE 
corner of the building adjacent to the BT Building and along the junction between 
Telephone House and the brickwork arches, which support London Bridge Street. 
Other, pre-existing, horizontal cracks, aligned approximately parallel to the front facade, 
within the ceilings at the eastern end of the building widened. These cracks highlight a 
shortcoming in the structural detailing of these elements: Telephone House is not tied 
laterally. Cracking and separation of the external bearing walls from the interior floors is 
a common feature of such structures, when exposed to subsidence-related movements. 
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The damage locations correspond with both the alignment of the sub-surface works and 
the interface between treated/untreated ground. In most cases, movement resumed 
along pre-existing cracks located along or at actual/'pset/do'engineered construction 
joints and other lines of discontinuity. For the cracks monitored, closure was the most 
likely response observed. Measured crack movements varied from 2 to 3 mm within the 
recesses in the eastern end of the building to over 8 mm along the junction between 
Telephone House and the London Bridge Street arches. The former cracks varied 
between 10 and 24 mm in width while the latter ones were up to 4 mm wide and 3.5 mm 
deep. Instances have been given of how compensation grouting, if carefully applied, 
can be used to mitigate for, and control crack propagation, for example the closure of 
the cracks abutting London Bridge Street. 
10.3 The BT Building 
The response of the BT Building to the JLEP construction activities at London 
Bridge is the subject of this section. The lower inclined shaft of the eastern escalator, 
which is shown in Figure 10.3.1, crosses directly beneath the central part of the footprint 
of the BT Building, at a skew angle of approximately 35° to the structure's longitudinal 
facades; in plan its axis cuts the line of the northeast-facing, front fagade some 10 m 
further east of the NW corner of the building than it does the corresponding southwest-
facing, rear fagade. The east- and westbound station tunnels flank the eastern escalator 
on a similar alignment, traversing the NW and SE corners of the building footprint 
respectively. The transition between the eastern escalator and station concourse 
tunnels is located beneath the SW corner of the BT Building, while the station tunnel 
cable adit, which links the eastbound station tunnel to the transformer rooms in the 
London Bridge Street vaults above, is located immediately to the north, and within the 
middle third, of the front facade of the building. The cable adit extends through the 
surficial deposits, including made ground and alluvium, while the interface between the 
Terrace Gravels and the London Clay Formation was encountered during driving of the 
lower inclined shaft of the eastern escalator. The station tunnels and central 
concourse/eastern escalator transition were excavated largely through London Clay. 
The surficial deposits in the vicinity of the cable adit and eastern escalator shaft 
were subject to permeation grouting ground treatment in advance of excavation (see 
Figure 6.34). In addition, compensation grouting TAMs within the London Clay extend 
beneath the BT Building as shown in Figure 10.3.2. Grout injections associated with 
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these protective measures were made below the structure between May 1995 and June 
1996. About 239 m® of grout was injected through the TAMs in the vicinity of the 
building during this approximately 12-month period; almost 105 m^ was injected between 
18 May and 29 December 1995 and about 134 m^ was injected between 3 January and 
14 June 1996, in a series of 46 episodes, 31 during 1995 and 15 in 1996. 
The daily and cumulative volumes of grout injected into the London Clay beneath 
the BT Building are presented in relation to the construction/monitoring sequence in 
Figure 10.3.3. The corresponding time-cumulative grout injection profiles for the 
adjacent buildings are also included on this figure for comparative purposes. The 
various excavation phases and ground treatment episodes undertaken in the vicinity of 
this building are summarised in relation to the monitoring data in Figure 10.3.4; the 
numbers given in this figure to the various construction monitoring periods correspond 
with those given on subsequent building movement plots and referred to herein. The 
relative areal distribution of grout injected beneath the building footprint during the 
ground treatment operations is presented as a contour plot of grout intensity, in Figure 
10.3.5. 
The structure and fabric of the BT Building are described in detail in Sub-section 
8.3.7 of Chapter 8. The original piled foundation of the BT Building was replaced by an 
approximately 4.2 m deep mass concrete underpinning slab in advance of underground 
construction. As far as it is known these works were the only specific strengthening 
measures implemented to the structure in advance of the JLEP (see Section 8.5.2 of 
Chapter 8 for further details). The length-to-breadth ratio of the BT Building varies 
between 2 and 2.9, while the corresponding length-to-height and breadth-to-height ratios 
are approximately 1.2, and in the range 0.4 to 0.6, respectively. The building height, 
taken as the distance from ground level in the rear courtyard to main roof level, has 
been assumed to be about 21 m; the single storey structure housing the lift motor and 
tank rooms, which is situated in the western corner of the main roof, has not been 
included in this overall dimension. 
The locations of the monitoring points that facilitated the precision levelling, total 
station surveying, and crack monitoring as well as the positions of the electrolevel beam 
strings, which enabled real-time monitoring of building movement during the 
compensation grouting ground treatment works, are shown in Figures 10.3.6 to 10.3.8. 
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In addition to the precise level monitoring points positioned on the facades of the 
building, monitoring points were located beneath and adjacent to the structure in the 
London Bridge Street vaults. Selective precision levelling and crack monitoring 
continued into the long term. 
10.3.1 Observed Behaviour 
The response of the BT Building is described in relation to the various monitoring 
techniques employed and subsequent data collated in the following sub-sections. 
10.3.1.1 Time-settlement response 
In describing the response of particular precision levelling monitoring points with 
time in this sub-section, frequent reference will be made to the plan of the underground 
works shown in Figure 10.3.1. In a similar manner to Telephone House, the time-
vertical displacement profiles for monitoring points, nos 1331, 1335, 1787 and 1790 
respectively, which are situated at/close to the four corners of the structure, are 
presented together in Figure 10.3.10. The presentation of the precision levelling data 
has been treated in a similar manner to that adopted for Telephone House and a 
displaced origin employed. The actual values of vertical displacement recorded for 
monitoring point, no. 1331, have been plotted while those of monitoring points nos. 
1335, 1787 and 1790 have been offset from the observed values by -25 mm, +25 mm, 
and + 50 mm respectively. The building specific construction/monitoring sequence given 
in Figure 10.3.4, is superimposed upon these profiles. 
The nature and relative magnitude of the vertical displacements of each 
monitoring point are clearly evident on the figure as are similarities and differences 
between the four profiles. It can be seen from Figure 10.3.10 that monitoring points, 
nos. 1331 & 1335, which are located at the NW and NE corners of the front facade of 
the building respectively, generally behave in a very similar manner up until the end of 
Period 8, i.e. the cessation of compensation grouting operations in the area, by which 
point settlement of approximately 30 mm had been recorded. Several tunnelling-
induced troughs and grout-induced peaks are clearly evident in the data for these points 
during this time. Beyond this period, although the character of the curves is broadly 
similar, the magnitudes of the movements recorded diverge. A differential, which 
ultimately reaches the order of 10 mm, becomes evident as monitoring point no.1331 
undergoes greater downward vertical movement. As shown in Figure 10.3.10, two 
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downward 'steps'are evident in the time-vertical displacement profile for monitoring 
point, no.1331, during this time; each step is of the order of 15 mm, and corresponds to 
the excavation of the short length, transition tunnel between the station concourse and 
eastern escalator shaft, and the lower inclined shaft of this escalator (see Figure 10.3.1) 
in Periods 10 and 11, respectively. The time-vertical displacement curve for monitoring 
point no.1335 also includes two downward 'steps', over this time; the step which occurs 
in Period 11 is of the order of 15 mm while that in Period 10 is much less marked, 
reflecting the areal distribution of the sub-surface structures in relation to the building 
footprint. Otherwise, continuing settlement is essentially uniform. 
The time-settlement responses for monitoring points, nos. 1787 and 1790, which 
are located in the SW and SE corners of the rear, southwest-facing facade, are also 
shown in Figure 10.3.10. Up until about mid-way through Period 4, the vertical 
movements recorded for these monitoring points are similar to those of the front, nos. 
1331 and 1335. Thereafter, greater movements were recorded for the monitoring points 
situated along the front facade. Three downward 'steps'are evident in the data for 
monitoring point no.1790, up to a maximum of the order of 15 mm, in Periods 5-6, 6-9 
and 9-11 respectively, corresponding to excavations associated with the station tunnel 
enlargements and the eastern escalator shaft. Monitoring of this point ceased mid-way 
through Period 11. The time-vertical displacement profile for monitoring point, no.1787, 
is similar in nature and magnitude to that of monitoring point, no.1790, throughout with 
the exception of the period between about the middle of Period 4 and the end of Period 
6, when grout-induced heave, of the order of 10 mm in magnitude, is initiated and 
subsequently maintained. Monitoring of this point ceased in the second half of Period 8. 
The preceding paragraphs show that a definite correlation has been established 
between the behaviour of the BT Building and the corresponding activities undertaken 
during underground construction. The response of the BT Building to the cessation of 
compensation grouting ground treatment operations is not as marked as it was for 
Telephone House. 
10.3.1.2 Longitudinal Facade Profiles 
The response of the northeast-facing, front and southwest-facing, rear 
longitudinal facades of the BT Building are described in this sub-section. The general 
approach adopted and the assumptions made in compiling these profiles is as outlined 
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in Sub-section 10.2.1.2 for Telephone House. Profiles of the changes in level of the 
various monitoring points located along the front and rear facades are presented for the 
more significant construction/monitoring periods in Figures 10.3.11 and 10.3.12. 
Each profile shows the change in level plotted against the distance from the NW 
corner of the building. Due to the nature of the rear facade, the corresponding 
longitudinal profiles have been considered in two parts. Also, data was not available 
beyond Period 8 for monitoring point, no.1787, and for all points on the rear facade from 
February 1997 onwards. In the former circumstances a partial facade profile has been 
produced. 
The profiles presented in Figures 10.3.11(a) & (b) and 10.3.12(a) & (b) relate to 
Period 4, when the enlargements to the station pilot tunnels took place, and Period 7, 
when the initial excavations associated with the eastern escalator shaft were undertaken 
(see Figure 10.3.1), respectively. Compensation grouting ground treatment operations 
were carried out during both periods. An approximately uniform, relatively rigid (linear) 
response is indicated by the data for both facades throughout these periods. The 
compensation grouting protective measures were applied such that, in general, a linear 
response has been maintained along the facades. A differential orientated towards the 
northeast-facing, front facade becomes increasingly apparent in the data. By the end of 
Period 7, this differential is of the order of 10 mm; it is approximately constant along the 
length of the building. 
With the excavation of the western pilot tunnels for the intermediate horizontal 
concourse and lower inclined shaft of the eastern escalator in Period 9 (see Sub-
section 6.2.9 of Chapter 6), the response of both facades becomes less rigid in 
character, as shown in Figures 10.3.11(c) & 10.3.12(c). By the end of the period, there 
is a very slight suggestion of a hogging profile along the front facade. For the most part 
the movements are approximately uniform. By the end of this period both facades tend 
to tilt towards the northwest; the western ends of the front and rear facades having 
settled approximately 7 and at least 10 mm more than the corresponding eastern ends. 
Figures 10.3.11(d) & 10.3.12(d) show the front and rear facade profiles 
respectively, during the excavation of the station concourse/eastern escalator shaft 
transition tunnel (see Figure 10.3.1) in Period 10. Rotation about a point to the west of 
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the structure is suggested by the data for both facades. This is not unexpected given 
the location of the transition tunnel in relation to the building footprint. Uniform 
movements are once again indicated. A northwesterly-orientated tilt remains; the 
western ends of the front and rear facades having settled about 12 and in excess of 10 
mm more than the corresponding eastern ends. 
The profiles which relate to Period 11 are presented in Figures 10.3.11(e) and 
10.3.12(e). In this period, the pilot and transition tunnels of the intermediate horizontal 
concourse and lower inclined shaft respectively, of the eastern escalator shaft (see Sub-
section 6.2.9 of Chapter 6) were enlarged, and the remainder of the lower inclined shaft 
advanced as a full-face drive. The data, where available, for both facades indicates an 
approximately uniform, linear response to these works. The slow progress made in 
completing these works would have contributed significantly to such a response. It 
appears that the differential between the front and rear facades is now less than 5 mm in 
the western half of the building footprint, and between 5 and 10 mm in the corresponding 
eastern half; this differential varies along the lengths of the facades. 
10.3.1.3 Distortion 
Both local and global distortions are considered in this sub-section. The 
essentially rigid (linear) nature of the response of the BT Building to the underground 
works means that building behaviour can be concisely summarised through the slopes 
(or rotations) of pairs of adjacent precision levelling monitoring points located along each 
longitudinal facade; positive rotation is defined as an upward slope from west to east. 
The variation in slope with time along the front and rear facades is shown in Figures 
10.3.13 & 10.3.14. The exact location of only one of the monitoring points on the rear 
facade of the BT Building is known with complete confidence. In the evaluation of 
slope/rotation it has been assumed that the other three monitoring points have similar 
offsets from the appropriate corners of the facade (see Figure 10.3.6); this caveat may 
result in smaller than actual values of slope/rotation. Slope in the transverse direction is 
considered below in Sub-section 10.3.1.5. 
For the most part, the slopes between the pairs of adjacent points along the front 
facade are similar in nature and relative magnitude (see Figure 10.3.13(a)), confirming 
the relatively rigid form of the response of this facade of the structure to the 
underground construction works. The slopes generally vary in the range ±0.5 mm/m, i.e. 
-273-
Chapter 10: London Bridge Street 
1 in 2000. The time-slope variation for the central spans is shown in Figure 10.3.13(b), 
while that for the spans on the flanks of the facade is given in Figure 10.3.13(c). The 
slopes of the central spans are approximately coincident throughout the monitoring 
period; the slopes on the flanks are more erratic, effectively forming upper and lower 
limits for the variation of slope with time. The behaviour of these latter spans can be 
attributed, in part, to their relatively short length together with the general accuracy 
associated with the precision levelling; they both also span entrances to the building. 
There is more noise associated with the span on the eastern flank of the facade. As a 
result, the central pair of spans is considered more representative of the overall 
behaviour of the facade, i.e. largely in rigid body movement. Notwithstanding these 
comments, however, some of the 'noise' is real and can be explained with reference to 
the grouting strategy: the incompatibility between the rectangular configuration of active 
grout ports as well as the injection of equal amounts of grout through each port, and the 
immediate volume loss settlement trough, particularly with regard to the skew of the 
tunnel and its orientation relative to the building footprint. 
The slopes of the middle spans are at/close to the origin until May 1996 (see 
Figure 10.3.13(b)), when an increase to +0.5 mm/m, commences; the slope profile is 
concave in nature over this time. A peak in slope magnitude is reached in December 
1996; the slopes of the middle spans remain constant at approximately +0.5 mm/m 
thereafter. The slope profile for the span on the eastern flank of the facade is similar in 
nature and magnitude, with the exception of the period from July to October 1995. The 
passage of the westbound station pilot tunnel and subsequent corrective compensation 
grouting ground treatment are evident in the data for this period. 
The time-slope behaviour of the spans along the rear facade is presented in 
Figure 10.3.14(a); the slopes generally vary in the range ±0.5 mm/m. The nature of the 
variation in slope with time for the rear spans is very similar to that exhibited by the 
spans along the front facade. The data for the eastern span is relatively well-
conditioned, varying within a narrow band between +0.25 mm/m, i.e. 1 in 4000; the data 
for the shorter length, western span is more erratic. The relatively large variance in 
slope recorded for the latter span may reflect, in part, the accuracy that was attainable in 
this area by precision levelling; access to these points was problematical. 
In Figures 10.3.14(b) & (c) the rear facade slopes are compared to the 
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corresponding front facade slopes. It is evident from these figures that the magnitude 
and nature of the slopes on the front and rear facades is generally similar throughout. 
This aspect shall be considered further in Section 10.3.1.7 below. 
The spacing of the monitoring point sockets on the front facade of the BT 
Building is such that further insight into the nature of this structure's response to the 
underground construction works can be ascertained from the unique relationships that 
exist between slope, angular strain and deflection ratio. The spans on the flanks of the 
facade are of similar length as are the central pair although the lengths of the two 
pairings are quite different, the central pair being almost three times longer. 
The vahation of local deflection ratio with time for the central pair of spans along 
the front facade is shown in Figure 10.3.15. The individual deflection ratio 
determinations are small in magnitude, generally varying between 0.01 % hogging and 
sagging. The most noticeable response occurs during the excavation of the station 
tunnels; deflection ratios of the order of 0.015 % hogging were recorded during pilot 
tunnel excavation. These were reversed soon thereafter during the subsequent 
enlargements of these tunnels in Period 4. Otherwise, the deflection ratio remained 
close to the origin throughout. The relative proportions of the spans along the front 
facade and individual slopes are such that the global deflection ratio would not be 
significantly different to that determined locally. The deflection ratios for the rear facade 
are likely to be of a similar magnitude and nature to those of the front facade. 
10.3.1.4 Total Station Surveying 
Total station surveying measurements captured the three-dimensional response 
of the front, northeast-facing facade of the BT Building during underground construction. 
The various sign conventions adopted in the determination of the parameters discussed 
below as well as surveying logistics are as detailed in Sub-section 10.2.1.4 for 
Telephone House. As shown in Figure 10.3.6, three rows of four retro-reflective targets 
were affixed to the building facade at first, second and fourth floor levels; in reality, the 
targets are even further above ground level, given the drop in elevation between the 
front and rear of the building, and as such the measurements are considered 
representative of the structure as a whole. In general, the individual targets, which make 
up the three rows along the facade, are approximately coincident in plan; the 
corresponding elevations along each row vary by less than 0.1 m. By the time of the 
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first total station survey in July 1995, vertical displacements of between 5 and 10 mm 
had been recorded at precision level monitoring points located along the facade (see 
Figure 10.3.9). Construction activities in progress at this time included the westbound 
station pilot tunnel. Similar to Telephone House, little movement was recorded in the 
total station surveys carried out, which coincided with the excavation of the eastbound 
station pilot tunnel in the vicinity during July and August 1995. 
10.3.1.4.1 Vertical Displacements 
Similarly to the results obtained for Telephone House, which are shown in Figure 
10.2.15, the vertical displacements determined from the total station measurements 
made to the retro-reflective targets on the front facade of the BT Building, generally 
correlate well with the corresponding precise levelling data; good agreement was also 
achieved between and along the individual rows of targets. For brevity, these results are 
not presented herein. 
10.3.1.4.2 In-plane Horizontal Movements 
Insight into the behaviour along the building facade as well as that at the 
construction joints between the adjacent buildings is provided by the in-plane horizontal 
movements. The incremental in-plane horizontal movements of the targets on the BT 
Building, generally vary within a narrow band of the order of ±5 mm; cumulatively, in-
plane horizontal movements of up to 20 mm were recorded. Similarly to Telephone 
House, the nature of the in-plane movements are expressed through the corresponding 
variation in in-plane horizontal strain (see Sub-section 10.3.1.4.4 below). 
10.3.1.4.3 Construction Joint Behaviour 
The behaviour at the construction joints between Telephone House and the BT 
Building, and the BT Building and Fielden House, is illustrated through the in-plane 
horizontal displacements of vertical sections of retro-reflective targets on these 
buildings, adjacent to the respective joints. The locations of the sections and the 
corresponding retro-reflective targets, are shown in Figures 10.3.7 and 10.3.16. The 
sign convention adopted is as for the in-plane horizontal movements; positive 
movements are directed eastwards, up London Bridge Street. As far as possible 
consistent sets of data have been plotted on the following profiles, and only sufficient 
profiles to illustrate the point being made. 
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In the initial period of monitoring, during excavation of the eastbound station 
tunnel pilot, the measurements taken on each side of the construction joint between 
Telephone House and the BT Building, suggest that, within the accuracy attained, both 
structures responded to the construction activities through a combination of tilt and 
translation. Overall, contraction of the construction joint is indicated, the buildings 
moving towards each other. The joint closed by approximately 4 mm at the uppermost 
target level and by about 1 mm at the corresponding bottom level. 
In Figures 10.3.16(a) & (b), the in-plane horizontal movements on either side of 
the construction joint between Telephone House and the BT Building are presented for 
that period when the station tunnel pilots were enlarged in the vicinity. The movement 
was focused on the BT Building and comprised a combination of tilt and translation with 
tilt being predominant. Measurements of the crack at the top of the third floor recess in 
the Telephone House gable-end wall at this time corroborates these observations (see 
Sub-section 10.2.2.2 above). The retro-reflective targets on Telephone House adjacent 
to the construction joint move both westwards and eastwards during this time; the 
magnitude of these movements is within the accuracy of the measurements. The 
targets on the BT Building, move progressively eastward from a position to the west of 
the null point. Movements of between 5 and 10 mm, from the bottom to the top of the 
section, are recorded over this time. Overall, the data indicates that the construction 
joint opened by between about 2 and 6 mm, from the bottom to top of the section, in 
response to the passage of the station tunnel enlargement works. The opening of the 
construction joint in this manner is consistent with the generation of compressive in-
plane horizontal strains along the facade; both result from the application of 
compensation grouting protective measures as the excavation face passes beneath the 
building. 
In Figures 10.3.16(c) & (d), the corresponding in-plane horizontal movements on 
either side of the construction joint between the BT Building and Fielden House are 
presented for the same period, when the station tunnel pilots were enlarged in the 
vicinity. The targets at this end of the BT Building also indicate progressive easterly 
movement; again, from a position to the west of the null point. The magnitudes of the 
movements are about half those recorded at the western end of the building. Towards 
the end of the period, westerly movement results in the targets returning approximately 
to their initial positions at the start of the period. The movements on the opposite side of 
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the construction joint are more difficult to interpret; the cantilever nature of this part of 
the structure complicates matters. The behaviour of the one retro-reflective target on 
Fielden House adjacent to the construction joint is not dissimilar to the adjacent pair of 
targets on the building. The target moves eastwards then westwards, the displacements 
being within the accuracy of the measurements. Overall, a closing then an opening of 
the construction joint is suggested by the data. The mode of the movement takes a 
similar form to that displayed by the construction joint at the other end of the building; a 
combination of tilt and translation. 
As shown in Figure 10.3.16, the largest movements are recorded in the last part 
of the monitoring period; the data indicates that the BT Building moves westwards by 
almost 10 mm; tilt is also evident in the data. The corresponding targets on Telephone 
House indicate uniform movement approaching 10 mm down London Bridge Street; the 
target on Fielden House suggests likewise. This translates into closure of both 
construction joints by the order of 2 and 6 mm, and 3 and 10 mm, at bottom and top 
respectively, of the joints between Telephone House and the BT Building, and the BT 
Building and Fielden House. 
10.3.1.4.4 In-plane Horizontal Strains 
The variation in horizontal strain has been studied for this building through the 
reduction of the corresponding total station measurements; the sign convention adopted 
is as detailed in Sub-section 10.2.1.4.3 for Telephone House. The incremental values 
of horizontal strain determined for the various spans along the facade are presented in 
Figure 10.3.17(a) while the corresponding cumulative values are presented in Figure 
10.3.17(b); the respective construction/monitoring periods have been superimposed 
upon the figures. Similar symbols have been used for those spans along the same row 
of retro-reflective targets. The values of horizontal strain developed generally vary within 
the range 400 microstrain compression and 400 microstrain tension, both incrementally 
and cumulatively. Within the accuracy of the measurements, the strains determined for 
the western, middle and eastern spans at all three levels are relatively similar in nature 
and magnitude; there is no tendency for the horizontal strains to increase with increasing 
height. As was the case for Telephone House, the influence of the compensation 
grouting protective measures in restricting the strains generated by tunnel excavation is 
not overly apparent in the data recorded; the magnitude and nature of the horizontal 
strains generated once grouting operations ceased in the vicinity during June 1996 are 
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little different to those of before, as are the differential settlements. Much of the grout 
injected beneath the footprints of the buildings along London Bridge Street primarily 
minimised absolute movements; control of differential settlement governs the 
development of horizontal strain and subsequent distortion. 
The passages of the east- and westbound station tunnel enlargement works 
beneath the building footprint are evident in the data. As shown in Figure 10.3.18, 
compressive strains are developed along the bottom row of targets in the spans on the 
flanks of the facade as each excavation passes beneath; troughs are evident in the 
strain profiles at the appropriate times. This behaviour is replicated at higher level 
although the data is not entirely conclusive. Similarly to the corresponding response of 
the easternmost bottom span of Telephone House, these strains were reversed soon 
thereafter on corrective grouting. 
As was the case with Telephone House, the vast majority of the strains evaluated 
are less than 500 microstrain, and many are compressive in nature, i.e. indicative of a 
sagging deformation profile. A damage category of between 1 and 2, very slight and 
slight (Burland, 1995), is indicated when this data is considered in conjunction with 
corresponding deflection ratio determinations; the data plots at the interface between the 
categories. 
The corresponding behaviour of cracks monitored within the sub-basement at 
each end of the BT Building during this time recorded little movement, and, what was. Is 
considered to be close to the resolution of the monitoring techniques employed. The 
diagonally-orientated shear crack on the wall perpendicular to London Bridge Street at 
the western end of the BT Building opened and closed within a relatively narrow range of 
±0.4 mm while the corresponding crack at the eastern end of the building generally 
exhibited closure throughout, movements of up to 0.5 mm being recorded. Overall the 
behaviour is erratic, with no clear correlation between crack propagation and 
corresponding construction activities and building response; this is considered to be due 
largely to the rigid body nature of the response of the structure. 
10.3.1.4.5 Out-of-plane Horizontal IVIovements 
The measured movements of the retro-reflective targets normal to the northeast-
facing facade of the BT Building, at selected times, are presented through four vertical 
sections - AA, BB, CC and DD - along its length. The locations of the sections are 
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shown in Figure 10.3.7. As noted previously in Sub-section 10.2.1.4., these 
measurements represent relative not absolute three-dimensional building movement. 
Notwithstanding this aspect, the nature of these out-of-plane movements reflects the 
layout of the sub-surface station infrastructure in relation to the corresponding 
orientation of the building footprint above. 
In general, the incremental movements vary within the range ±5 mm although 
incremental displacements in excess of 15 mm were also recorded during the larger 
diameter tunnel excavations. By the final survey on 14 May 1997, towards the end of 
underground construction, the cumulative movements vary from 25 mm adjacent to 
Telephone House, to almost 50 mm beside Fielden House. The data suggest that, in 
this plane, the building responded to the tunnelling-induced ground subsidence through 
a combination of tilt and translation, with tilt being the predominant mode of movement. 
Two periods are presented herein: between October 1995 and March 1996, and 
between March 1996 and May 1997. The former period, which is shown in Figure 
10.3.19, relates to the enlargements of the station tunnel pilots beneath the NW and SE 
corners of the BT Building, while the latter period, which is shown in Figure 10.3.20, 
includes the excavation of the station concourse tunnel, eastern escalator shaft, and the 
associated transition tunnel, which all pass diagonally beneath the central part of the 
building footprint. It can be seen from both figures that, as was the case for the adjacent 
facade of Telephone House, the out-of-plane movements of this facade increase in an 
easterly direction along London Bridge Street, being greatest at the junction between the 
BT Building and Fielden House. The movements recorded pre-October 1995 were 
smaller magnitude and consequently not as significant. 
As shown in Figure 10.3.19, during the station tunnel enlargements, the nature 
of the movements and pattern of the response is similar for all four sections; 
progressively increasing movements outward into London Bridge Street for the most 
part, before regressing following compensation grouting ground treatment at the end of 
the period. The maximum observed cumulative movements vary between 15 and 30 
mm, reducing to between 10 and 25 mm by the end of the period; the cumulative 
movements at the beginning of the period varied between 5 and 10 mm. The mode of 
these movements is predominantly one of tilt; not more than about 5 mm, can be 
attributed to translation. The tilt is approximately uniform along the length of the facade. 
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The cumulative out-of-plane movements recorded along the facade in the 
remaining period of monitoring are shown in Figure 10.3.20. Movements outwards into 
London Bridge Street are indicated for all four sections; the magnitude of these 
movements increases both along the facade and with height. At the start of this period, 
the cumulative out-of-plane horizontal displacements along the facade varied between 
10 and 25 mm. By the end of monitoring, these displacements vary between 20 and 50 
mm. A more significant part of the movement now appears to take the form of 
translation. 
The above figures suggest a tendency for increasing displacement both in an 
easterly direction along the facade and with increasing height, i.e. a twisting, torsional 
mode of deformation in the vertical, 'x-z' plane of the building superstructure similar to 
Telephone House. 
10.3.1.5 Transverse Beliaviour 
In this sub-section the character of the transverse response of the structure is 
described through the behaviour of electrolevel beams installed within the sub-
basement. The geometry and structural form of the BT Building, particularly the 
massively underpinned foundation, imply a relatively stiff response in both longitudinal 
and transverse planes. One string of electrolevel beams, the D-Series, which is shown 
in Figure 10.3.8, was positioned such that it crossed the central part of the building 
footprint at right angles to the longitudinal facades; this internal string of electrolevel 
beams is used to illustrate the representative transverse response of the building to the 
underground construction works. A largely continuous sequence of data is available 
from 6 November 1995 until 11 September 1996. 
Profiles of relative vertical displacement for this string are presented in Figure 
10.3.21 for Periods 4 and 7, when the station tunnel enlargements and the Stage 1 
excavation for the eastern escalator shaft were undertaken respectively. The dates 
used correspond with those adopted for the longitudinal facade profiles presented in 
Figures 10.3.11 & 10.3.12. The profiles clearly show that the structure responded 
essentially in a rigid manner transversely to the various sub-surface excavations; 
intermittent compensation grouting episodes are superimposed upon this general 
pattern of behaviour. These relative movements are consistent with the corresponding 
absolute movements measured by precision levelling, and presented in Sub-section 
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10.3.1.2. The three-dimensional response of the BT Building is discussed in detail in 
Sub-section 10.3.1.7 below. 
10.3.1.6 Compensation Grouting 
As shown in Figure 10.3.3, the cumulative quantities and corresponding rates of 
grout injection in the vicinity of each building along London Bridge Street is, in general 
terms, similar up until February 1996. Thereafter, a significant change in the grouting 
strategy is clearly evident. The amount and rate of grout injection in the vicinity of the 
BT Building increases markedly while in the vicinity of both Telephone and Fielden 
Houses, to either side, both the amount and rate of grout injection reduce. This change 
in strategy successfully reduced differential settlements between the buildings. 
For all three buildings there is a break in grouting from 2 April until 25 May 1996, 
after which, further limited-duration grout injection takes place. These final injections are 
located primarily in the vicinity of the BT Building and Telephone House; little further 
grout is injected beneath Fielden House. Compensation grouting ceased in the vicinity 
of these buildings during the first half of June 1996; marked 'steps'in the time-
settlement profiles for the precise level monitoring points located around the buildings 
coincide with this cessation of ground treatment. The magnitude of this step is 
dependent upon the relative proximity of the monitoring point to current/future 
excavation. 
10.3.1.7 Twist 
The variation of twist with time for the BT Building is presented in Figure 10.3.22, 
through the parameter previously defined in Section 3.8 of Chapter 3. As shown in 
Figure 3.14 of Chapter 3, where a relatively rigid response is indicated, the twist of a 
building can be investigated by taking approximately coincident pairs of monitoring 
points on opposite, parallel facades, i.e. spans of equal length. The configuration of the 
monitoring points on the BT Building as well as the structural form of the building does 
not make this possible. Two pairs of spans, between monitoring points, nos.1333 and 
1334, and nos. 1789 and 1790, and between monitoring points, nos.1331 and 1332, and 
nos. 1787 and 1788, representing the eastern and western halves of the structure 
respectively (see Figure 10.3.6), have been used in this analysis. Neither pair of spans 
is of similar length but they are the most appropriate for the parts of the building under 
consideration. 
- 2 8 2 -
Chapter 10: London Bridge Street 
The exact location of only one of the monitoring points on the rear facade of the 
BT Building, no. 1788, is known with complete confidence (see Figure 10.3.6). 
Consequently, the slopes subsequently determined along this facade are approximate 
and most likely an underestimate of the true slopes pertaining. The corresponding twist 
determinations, for the most probable mode of deformation, that of both front and rear 
facades behaving in a relatively rigid manner and sloping uniformly towards the 
tunnelling focal point, will be, similarly, less than the actual values. The twist 
determinations for all other potential combinations would overestimate the true value. 
Notwithstanding these limitations with the data, the determinations make a valuable 
contribution to the overall description of the three-dimensional behaviour of the building. 
Excessive noise has precluded the use of the beam electrolevel data in this regard. 
The variation in twist with time is shown in Figure 10.3.22 for both parts of the 
BT Building. The twist varies between ±0.00004 /m; the nature of the twist is similar in 
each case with the eastern half of the building being of greater magnitude. Allowing for 
the scatter of the data, an increasingly negative twist with time is evident, i.e. rotation 
increasing towards the front, north-facing facade. The magnitudes of twist determined 
for the BT Building are generally similar to those evaluated by Han (2003) and Franzius 
(2004) for Elizabeth House on the JLE at Waterloo. 
Within the overall pattern of behaviour shown in Figure 10.3.22, there is the 
suggestion that the western part of the building is twisting in the opposite direction to the 
corresponding eastern half, i.e. the western half is rotating in a generally southerly 
direction, away from London Bridge Street, while the eastern half is rotating in a 
generally northerly direction, towards London Bridge Street. This behaviour is consistent 
with the alignment of the tunnels in relation to the building footprint. The influence of 
building stiffness is also indicated. The magnitude of twist, irrespective of orientation, is 
less for the western end of the BT Building, in which the stairwell and escalator shaft are 
housed; cracking was minimal in this part of the building. 
Although the available dataset only covers that period of underground 
construction up to January 1997, the results are useful in that they confirm the 
permanent nature of twist deformation for tunnels obliquely-aligned to the overlying 
building footprint. The outstanding construction activities in the vicinity as of January 
1997, enlargements to the existing pilot tunnels of the eastern escalator shaft, are 
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unlikely to have caused a reversal in twist. 
10.3.2 Damage Recorded 
Of the buildings along London Bridge Street considered in this chapter, the BT 
Building was the least damaged by the construction works (see Figure 10.3.25). 
Overall, the damage recorded was in the "negligible" category (BRE,1995). As shown in 
Figure 10.3.26, cracking was, however, observed on the interior flank walls at the NW 
and NE corners of the sub-basement; its nature provides insight into the mode of 
deformation of the building. 
Diagonal shear cracks, which are shown in Figure 10.3.26(a), opened in the NW 
corner of the interior flank wall abutting Telephone House. The cracking essentially 
extended over the full-height of the wall, with orientations ranging from sub-vertical to 
diagonally upward towards London Bridge Street. Diagonal shear cracking was also 
observed on the wall at the opposite end of the structure at this level (see Figure 
10.3.26(b)), immediately adjacent to its junction with London Bridge Street and Fielden 
House. The orientation and extent of these cracks was similar to those at the Telephone 
House end of the sub-basement, i.e. in a northerly direction, diagonally up from the base 
of the wall. When observed by the JLEP in December 1995, the cracks were of the 
order of 0.5 mm wide. The nature of the shearing movement suggests that the adjacent 
arches are moving down and away from the structure; such behaviour would encourage 
the northwards tilting of the BT Building observed during the total station surveying (see 
Sub-section 10.3.1.4). Subsequent crack monitoring is inconclusive, although a 
downward vectorial component of movement is suggested. 
In addition to the cracking, leakage was observed from a mains water supply 
pipe to the BT Building in September 1996; the pipe was located at the structures NW 
corner, next to its junction with Telephone House. It was aligned perpendicular to 
London Bridge Street, with lengths of pipe affixed to both the building and one of the 
adjacent brickwork arches beneath London Bridge Street, traversing the boundary 
between treated and untreated ground. 
10.3.3 Summary 
The reinforced concrete framed BT Building has longitudinal aspect ratios 
varying between two and three times those in the transverse direction. The framed 
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nature of this structure together with this geometry imply a relatively flexible response. 
The combination of original piled foundation and structural protective measures, the 
formation of a mass concrete underpinning slab, which was constructed in advance of 
underground construction, would, however, suggest a more rigid behaviour. The overall 
character of the response was also influenced by the ground treatment measures 
implemented; the Terrace Gravels beneath much of the building footprint were subject to 
permeation grouting ground treatment prior to sub-surface excavation. Compensation 
grouting protective measures were also implemented below much of the footprint during 
the first part of underground construction. 
A maximum settlement of approximately 65 mm was recorded in the NW corner 
of the footprint of the BT Building in response to the construction of the underground 
station complex. The end of construction has been taken as 30 June 1997. The 
corresponding minimum recorded settlement was about 55 mm in the NE corner of the 
building footprint. The minimum settlement is likely to have occurred in the opposite SE 
corner of the footprint, in the vicinity of monitoring point no. 1790. No measurements 
were made at this location beyond the end of January 1997; by this time about 33 mm of 
settlement had been recorded at this point in comparison to 38 mm at monitoring point 
no.1335 in the NE corner. 
Overall, the observed building response was one largely of rigid body 
displacement, i.e. a combination of settlement and tilt, rather than distortion. Of the 
structures along London Bridge Street, the BT Building was the least damaged; category 
'0', negligible (BRE, 1995), was assigned to the damage. Mostly, it comprised the 
resumption of movement along pre-existing cracks. In general, the BT Building tilted in 
a northerly direction towards London Bridge Street. The compensation grouting 
protective measures were applied such that a linear response was maintained both 
along and across the building facades. 
The building slopes generally varied within the ranges ±0.5 mm/m (1 in 2000), 
along the front, northeasterly-facing longitudinal facade, and ±0.25 mm/m (1 in 4000), 
along the rear, southwesterly-facing facade throughout underground construction. The 
corresponding deflection ratios were also small, values of no more than 0.015% hogging 
and 0.01% sagging, being recorded along the front facade. Similarly, in-plane horizontal 
strains varied between 400 microstrain compression and 400 microstrain tension. 
Although small in magnitude it was possible to identify the influence of particular 
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construction activities on in-plane horizontal strain. 
Although in the same general range overall, the values of in-plane horizontal 
strain determined for the front facade of the BT Building exhibited greater variation than 
those evaluated for the northeast-facing facade of Telephone House. 
10.4 Fielden House 
As shown in Figure 10.4.1, Fielden House is situated immediately to the 
southeast of most of the JLE London Bridge underground station infrastructure. The 
exceptions are the westbound station tunnel, which crosses beneath the NW corner of 
the building footprint, and the eastern ventilation tunnel, which traverses below the 
corresponding eastern end of the structure. The skew of the westbound station tunnel 
with respect to Fielden House and the BT Building is such that its axis cuts the line of 
their collective front fagade some 10 m further eastwards than the corresponding line of 
the rear fagades. The eastern escalator shaft and associated transition with the station 
concourse tunnel, are located to the immediate north of the westbound station tunnel on 
a similar alignment. 
The eastern emergency escape shaft and associated cross passages, are also 
situated to the north of the westbound station tunnel, between the eastern escalator 
shaft and ventilation tunnel. The eastern ventilation tunnel is aligned at approximately 
right angles to Fielden House's front facade, while the associated shaft was sunk 
immediately adjacent to the SE corner of the building. Both the westbound station and 
eastern ventilation tunnels were excavated largely within the London Clay Formation 
while the eastern ventilation shaft passed through the overlying surficial deposits before 
extending into the underlying London Clay and Lambeth Group deposits. 
The layout of the compensation grouting TAMs, which were installed beneath the 
Fielden House building footprint, is shown in Figure 10.4.2. Grout injections associated 
with these protective measures were undertaken between May 1995 and June 1996; 
approximately 150 m^ of grout was injected through the TAMs in the vicinity of the 
structure during this approximately 12 month period; almost 78 m® between 18 May and 
29 December 1995 and about 72 m^ between 3 January and 14 June 1996, in a series 
of 42 episodes, 28 during 1995 and 14 in 1996. 
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The daily and cumulative volumes of grout injected through the TAMs into the 
ground beneath Fielden House are shown in Figure 10.4.3; the corresponding 
cumulative profiles for Telephone House and the BT Building are included in this figure 
for comparative purposes. A building specific construction monitoring sequence, 
incorporating all the appropriate excavation phases and ground treatment episodes, is 
presented in Figure 10.4.4; the numbers in this figure given to the various construction 
monitoring periods correspond with those given in the following text and on subsequent 
building movement plots. 
The relative areal distribution of grout injected into the London Clay beneath the 
Fielden House building footprint during the ground treatment operations is presented as 
a contour plot of grout intensity in Figure 10.4.5. The focal point for grout injection is the 
NW corner of the building footprint, adjacent to the BT Building and directly below the 
westbound station tunnel; in excess of 400 litres of grout per square was injected 
beneath this corner of the structure. Elsewhere, the areal distribution of grout injected 
beneath the footprint is relatively uniform in nature, increasing from the rear to the front 
facades. 
There was some concern that the introduction of a cement/bentonite/water grout 
mix into the London Clay during compensation grouting ground treatment operations, 
could result in softening at the interface between individual pile shafts and the 
surrounding soil, thus reducing the load carrying capacity of the pile and causing 
additional settlement. In order to reduce this risk, the following procedures were 
implemented, over and above those practices routinely adopted, during compensation 
grouting operations, namely 
1 The TAM sleeves used were no closer than 1 m to any pile; 
2 Compensation grouting operations which would tend to split pile groups 
were avoided; 
3 Grout injection sequences were planned to balance as far as possible 
the horizontal forces acting on any individual pile. 
Details of the structure and fabric of Fielden House are described in Sub-section 
8.3.8 of Chapter 8. Apart from the underpinning of some of the piled foundations in the 
SE corner of the building footprint adjacent to the eastern ventilation shaft (see Sub-
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section 8.5.3 of Cliapter 8 for further details), no other protective measures are 
understood to have been implemented in advance of the JLEP underground construction 
works. Fielden House has a length-to-breadth ratio which varies from 3.4 to 4.9, length-
to-height ratio of approximately 2.1, and breadth-to-height ratio which varies between 0.4 
and 0.6. The building height assumed in these determinations, of approximately 21 m, 
is the distance measured from ground level in the rear courtyard to general roof level; 
the single storey structure housing the lift motor room has not been included in this 
overall measurement. 
Figures 10.4.6 to 10.4.9 illustrate the locations of the various monitoring points: 
precision level, total station and crack gauge as well as the electrolevel beams, which 
enabled real-time monitoring of building movement during compensation grouting 
operations. Precise level monitoring points located in the vaults adjacent to the structure 
were also considered during the compilation of the building response. Both the precision 
levelling and crack monitoring continued into the long term. 
10.4.1 Observed Behaviour 
The location of Fielden House in relation to the JLE London Bridge underground 
station is such that it is relatively straightforward to identify and isolate those 
construction activities that had a significant impact on the corresponding response of the 
building, namely the westbound station and eastern ventilation tunnels, and eastern 
escalator shaft. In the following sub-sections, the response of this building to these 
underground works is described with regard to the various monitoring techniques 
employed and subsequent data collated. 
10.4.1.1 Time-settlement response 
In this sub-section, the response of the precision level monitoring points located 
at the four corners of Fielden House shown in Figure 10.4.6 - monitoring points, nos. 
1336, 1339, 1792 and 1795 - is described; cross-reference to the underground works 
detailed in Figure 10.4.1 is made frequently during this description. The time-settlement 
behaviour of these monitoring points is presented in Figure 10.4.10; a displaced origin 
approach has been adopted in their presentation. The actual values of vertical 
displacement recorded for monitoring point, no. 1336, are plotted while those of 
monitoring points, nos. 1339, 1792 and 1795, are offset from the observed values by -25 
mm, +25 mm, and + 50 mm respectively. The building specific construction/monitoring 
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sequence given in Figure 10.4.4, is superimposed upon these profiles. 
The response of the two monitoring points located in the NW and SW corners of 
the building footprint, nos. 1336 and 1792, are considered first. As shown in Figure 
10.4.6, monitoring point, no. 1336, is situated directly above the westbound station 
tunnel, while monitoring point, no.1792, is offset from this feature to the south. The 
magnitude and nature of the response of these monitoring points to the underground 
works and accompanying protective measures, which is shown in Figure 10.4.10, is 
generally similar until the middle of Period 4. A series of subtle troughs and peaks, 
corresponding to episodes of excavation-induced subsidence and grout-induced heave, 
are apparent within the profiles over this time. The vertical displacements are mainly 
within ±5 mm of their initial datums over this duration, although grout jacking of 
monitoring point, no. 1336, inducing heave of almost 10 mm, is evident at the beginning 
of Period 2. 
In the second half of Period 4, as the excavation face of the westbound station 
tunnel enlargement passes beneath the NW corner of the building footprint, a differential 
of between 10 and 15 mm rapidly develops between the monitoring points. As shown in 
Figure 10.4.10, a downward 'step'is evident in the settlement profile for monitoring point 
no.1336. Much of this settlement is reversed soon thereafter through corrective 
grouting; heave of the order of 10 mm is apparent in the profile at the beginning of 
Period 5. A much less pronounced grout-induced peak is evident in the time-settlement 
profile for monitoring point, no.1792, during the second half of Period 5. By the end of 
Period 5, monitoring point, no.1336, has settled about 10 mm more than monitoring 
point, no.1792. 
From about the middle of Periods 5 and 8, for monitoring points, nos. 1336 and 
1792, respectively, until about the middle of Period 12 for both, the gradients of the time-
settlement curves are broadly similar; a differential of between 15 and 20 mm is 
maintained throughout. Unlike monitoring point, no. 1336, monitoring point, no.1792, 
does not display a marked response to the excavation of the eastern escalator shaft in 
Period 12, continuing to undergo an approximately uniform rate of vertical displacement 
until the end of underground construction. In contrast, monitoring point, no. 1336, 
clearly responds to the on-going enlargement of the intermediate horizontal concourse 
of the eastern escalator shaft, being subject to a relatively rapid, vertical displacement of 
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the order of 20 mm in the second half of Period 12. Thereafter, little further settlement is 
recorded at this point during underground construction. 
The responses of the monitoring points located at the NE and SE corners of the 
Fielden House building footprint, nos. 1339 and 1795, are also included in Figure 
10.4.10. As shown in Figure 10.4.6, monitoring point, no. 1339, is situated directly 
above the eastern ventilation tunnel, while monitoring point, no. 1795, is located 
adjacent to the eastern ventilation shaft. In broad terms, both monitoring points exhibit 
similar behaviour until the middle of Period 4, the grout-induced peak at the beginning of 
Period 2 apparent in the profile for monitoring point, no. 1339, excepted. This peak is 
consistent with that observed in the time-settlement curve for monitoring point, no. 1336, 
which is situated at the opposite end of the front, northeast-facing facade of the 
structure. 
The time-vertical displacement curve for monitoring point, no.1795, is initially 
concave becoming convex in character, resembling a reverse 'S'curve overall. It does 
not exhibit a pronounced response to the excavation of the eastern ventilation tunnel in 
the vicinity rather a more gradual response is indicated. 
In the middle of Period 4, there are several, closely-spaced grout-induced peaks 
in the time-settlement profile for monitoring point, no. 1339. These peaks correspond to 
compensation grouting episodes concentrated along the front, northeast-facing facade 
in January 1996. Thereafter, the time-settlement curve for this monitoring point 
approximates to a series of five 'steps', some more obvious than others. The 'step'In 
Period 4, which is between 15 and 20 mm, is accentuated by the grout jacking that 
preceded it. The 'step' in Periods 5 & 6, associated with the station concourse tunnel 
pilot and eastern escalator shaft break-out, is less pronounced, being of the order of 10 
mm, and largely reflects the areal distribution of the monitoring point in relation to the 
construction activities in progress. The 'steps'm Periods 8 & 9, and 10 & 11, associated 
with the eastern ventilation tunnel and shaft are significant, both being of the order of 15 
mm, if not particularly cleariy defined in the case of the former. The final 'step', which is 
also of the order of 15 mm, is well-defined and correlates with a 'step'of slightly greater 
magnitude observed in the time-settlement profile for monitoring point, no. 1336, at the 
other end of the front facade. On this basis it is considered likely that this 'step'is 
associated more with the excavations for the eastern escalator shaft than the eastern 
ventilation shaft. Thereafter, little further settlement occurs at this monitoring point 
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during underground construction. 
In terms of the facades, settlements are generally greater along the front, 
northeast-facing facade. With the exception of the end of Period 4/beginning of Period 
5, the time-settlement profiles along the front facade of Fielden House are similar in 
nature and magnitude until the middle of Period 10. At this time, as the excavation face 
of the eastern ventilation tunnel approaches the facade, a differential of between 10 and 
15 mm rapidly develops, a 'step'being evident in the settlement profile for monitoring 
point no.1339, which is situated above the northern shoulder of this tunnel. This 
differential is not maintained for long; in the second half of Period 13, during the 
excavation of the eastern escalator shaft, monitoring point no.1336 undergoes rapid 
downward vertical displacement and the differential is reversed. 
The time-settlement profiles for monitoring points, nos. 1792 & 1795, on the rear 
facade are generally similar in magnitude and nature until the end of Period 9. In Period 
10, during the construction of the eastern ventilation tunnel the curves start to diverge. 
While the curve for monitoring point, no.1792, continues to behave as before, monitoring 
point, no. 1795, undergoes relatively swift, approximately uniform downward vertical 
movement from this time onwards until the end of underground construction. Overall, 
the time-settlement profile for monitoring point, no. 1795, is concave in appearance, with 
a maximum differential of the order of 15 to 20 mm having developed between it and 
that of monitoring point, no. 1792, by Period 13. 
The above commentary demonstrates the correlation between building response 
and construction activity for Fielden House. The importance of the relative areal 
distribution of the underground works on subsequent building behaviour is highlighted; 
the behaviour in the interim can be quite different to that at the end of construction. 
Fielden House did not respond markedly to the cessation of compensation grouting 
ground treatment operations in June 1996. 
10.4.1.2 Longitudinal Facade Profiles 
The response of the front, northeast- and rear, southwest-facing longitudinal 
facades of Fielden House are described in this sub-section. The general approach 
adopted and the assumptions made in compiling these profiles is as outlined in Sub-
section 10.2.1.2 for Telephone House. Selected facade profiles are presented in 
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Figures 10.4.11 and 10.4.12; each profile shows the change in level plotted against the 
distance from the NW corner of the building (see Figure 10.4.6). As shown in Figure 
10.4.1, the structural nature of the westernmost part of the building is such that it 
cantilevers out from the main structure to the east. This part of the structure is not 
included explicitly in the facade profiles presented in Figures 10.4.11 and 10.4.12, 
although its presence is an influence on the behaviour of the western end of the facade. 
There is some uncertainty over the exact positions of monitoring points, nos. 
1337 and 1338, along the front facade of the building; the locations adopted are based 
on those deduced from retrospective site inspection and are indicative only. 
Additionally, the monitoring points situated along the rear facade are not all located in 
the same vertical plane; allowance has been made for this in the subsequent 
interpretation of building response. The response of the adjacent monitoring points 
located on the BT Building, to both front and rear, have been included on the profiles for 
comparative purposes. 
The profiles presented in Figures 10.4.11(a) & 10.4.12(a) relate to Period 4, 
when the enlargement of the westbound station pilot tunnel was in progress, with 
excavation concentrated in the NW corner of the building footprint (see Figure 10.4.1). 
A relatively rigid response is indicated by the majority of the data although a slight 
hogging deformation is evident in the profiles for both facades. Settlement is greater 
along the front facade throughout. Tilting towards the NW corner of the building, and 
the underground works in progress, is suggested. The compensation grouting ground 
treatment works applied below the building footprint at this time, to correct for the 
subsidence induced, usually generated a uniform heave along the front facade. 
Figures 10.4.11 and 10.4.12, (b) to (d), illustrate the response of the facades to 
the various stages in the excavation of the eastern ventilation tunnel beneath the 
building footprint, and the eastern escalator shaft to the north. The form of the response 
becomes progressively more flexible in nature for both facades; a hogging mode of 
deformation is evident within the central portions of both facade profiles. The profiles 
illustrate the progressive nature of the response, settlement develops as the eastern 
ventilation tunnel approaches and passes below the building. 
The response of the facades to excavations associated with the eastern 
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escalator and lower section of the eastern ventilation shaft in Period 13, are shown in 
Figures 10.4.11(e) and 10.4.12(e). The hogging deformation evident in the preceding 
periods is retained in both facade profiles. At the end of Period 13, settlements remain 
greater along the front facade. 
In general, following the cessation of compensation grouting, the facade 
settlement profiles changed progressively as works were carried out below and near the 
building, inducing a more flexible response with hogging deformation evident in both 
facade profiles. The vertical movements of the building were consistent with the 
locations and sequencing of the sub-surface excavations and grouting; settlement was 
greater along the entire front facade throughout. 
10.4.1.3 Distortion 
In this sub-section distortions are considered in terms of slope and relative 
deflection. The analysis and interpretation of the behaviour of the front facade has been 
limited by uncertainties concerning the exact positions of monitoring points, nos. 1337 
and 1338. The facade has been altered since completion of the JLE works in the area 
and these sockets are no longer insitu. Whilst possible evidence of sockets has been 
observed on site retrospectively, in the positions indicated on historical monitoring point 
location plans, it is by no means certain that this represents the exact positions of these 
monitoring points. Monitoring points, nos. 1336 and 1339, which are located at each 
end of the facade, remain insitu; their locations and respective span length were verified 
on site retrospectively. The variation of slope with time for those spans along the front 
and rear facades are shown in Figure 10.4.13; slope is positive in an easterly direction 
along the building and a southerly direction across the building footprint. The building 
specific construction/monitoring sequence is superimposed upon the profiles. The daily 
and cumulative volumes of grout injected into the ground beneath the building footprint 
are also included in the figure. 
The variation in slope with time determined for the overall span, between 
monitoring points, nos. 1336 and 1339, together with the presumed intermediate spans 
between monitoring points, nos. 1337 and 1339, and, 1338 and 1339, are shown in 
Figure 10.4.13(a). The nature and magnitude of the variation in slope is similar for all 
three spans; the slopes generally vary between ±0.5 mm/m (1 in 2000), although slopes 
of between -0.5 and -1.0 mm/m were observed during the passage of the excavation 
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face of the eastern ventilation tunnel. The corresponding time-slope profiles for the 
spans between monitoring points, nos. 1336 and 1337, 1336 and 1338, and, 1337 and 
1338, are presented in Figures 10.4.13(b), 10.4.13(c) and 10.4.13(d), respectively. The 
change in slope over time for the overall span is included in all three figures for 
comparative purposes. The variation in slope with time for span length 1336-1337, is 
broadly similar to that of span length 1336-1339, until the summer of 1996. Thereafter, 
the nature of the slope profiles differ. The divergence corresponds both with the 
cessation of compensation grouting ground treatment operations, and the construction 
of the eastern ventilation tunnel in the vicinity. 
As shown in Figure 10.4.13(c), the nature of the variation in slope with time for 
span length 1337-1338 is broadly similar to that of span length 1336-1339 throughout 
underground construction. The magnitudes, however, differ, with span length 1337-
1338 experiencing greater variation, slopes of between -0.5 and -hi .0 mm/m being 
observed. The behaviour of span length 1336-1338, which is shown in Figure 
10.4.13(d), Is similar in both nature and magnitude to span length 1336-1339. In 
summary, the slopes determined for the various span lengths along the front facade 
initially suggest a relatively rigid response to the sub-surface works. A more flexible 
response is indicated on the cessation of compensation grouting activities in the area. 
Due to the uncertainties concerning the exact locations of monitoring points, nos. 1337 
and 1338, deflection ratio determinations are not presented for this facade. Correlations 
with the B-Series string of electrolevel beams to verify the positions of these monitoring 
points proved unsuccessful. 
The variation in slope with time for the span lengths along the rear, southwest-
facing facade are presented in Figure 10.4.13(e). The nature and magnitude of the 
time-slope profile for span 1793-1794 is generally similar to that for the overall span on 
the corresponding front facade; that for span length 1794-1795 is much less so. The 
variance in slope between the adjacent spans reflects in part the areal distribution of the 
sub-surface works in relation to the building footprint; monitoring point, no. 1795, is 
located immediately adjacent to the eastern ventilation shaft. It also highlights the 
difficulties involved in making measurements when the construction of such elements of 
the works are in progress. The corresponding variation in deflection ratio for this part of 
the rear facade is shown in Figure 10.4.14; it generally varies between 0 and 0.04% 
hogging. The maximum value observed coincides with the passage of the eastern 
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ventilation tunnel beneath the facade at the end of 1996/beginning of 1997. As shown in 
the upper part of Figure 10.4.14, the deflection ratio reduces in response to 
compensation grouting episodes. On the basis of the magnitude and variation in slope 
determined along both the front and rear facades, it is likely that the magnitude of the 
deflection ratio along the front facade would not be any greater than that determined for 
the rear facade. Its nature, however, is less easy to deduce. 
The changes in slope observed with time for the transversely-orientated span 
lengths at the western end of the building, beneath the cantilever section of the 
structure, are shown in Figure 10.4.13(f). Monitoring points, nos. 1791 and 1792, are 
located in the SW corner of the building footprint adjacent to the lift shaft and western 
stairwell, while monitoring point, no. 1214, is situated at the interface between Fielden 
House and the brickwork arches, which support London Bridge Street. A maximum 
slope of +2 mm/m (1 in 500) is indicated, the facade tilting towards the NW corner of the 
building footprint. Within the accuracy of the measurements, the profiles are consistent 
with those presented for the A-Series string of electrolevel beams in Sub-section 
10.4.1.5 below. A broadly linear increase in slope with time is suggested by the data for 
both spans. 
It was not possible to retrospectively verify the locations and thus span lengths, 
of the monitoring points, which were installed at the eastern end of Fielden House; the 
eastern ventilation shaft now obscures several of these monitoring point locations. 
In summary, the data suggests that, in the longitudinal plane, the building 
behaved in an increasingly flexible manner to the underground works. Hogging 
deformation of relatively small magnitude, was observed along the rear facade of the 
structure during the formation of the eastern ventilation tunnel. In the transverse plane, 
across the building footprint, relatively rigid behaviour is indicated. 
10.4.1.4 Total Station iVIonitoring 
A limited number of retro-reflective targets, which are shown in Figure 10.4.7, 
were arranged in pairs, at the top and bottom of the London Bridge Street elevation of 
Fielden House (i.e. at first and fourth floor levels). The retro-reflective targets within the 
eastern half of the facade are approximately coincident in plan; those in the western half 
are less so. For both rows of targets, the corresponding elevations are within 0.2 m of 
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each other. A further retro-reflective target was installed along the upper row, within the 
cantilever section of the structure (see Figures 10.4.1 and 10.4.7). Total station 
surveying techniques were employed to capture the three-dimensional response of the 
facade via these targets. The sign conventions adopted, monitoring duration and nature 
of the movements measured are as detailed in Sub-section 10.2.1.4 for Telephone 
House. As shown in Figure 10.4.10, at the time of the first total station survey in July 
1995, vertical displacements of between 5 and 10 mm were recorded at precision level 
monitoring points located along the facade. 
Although measurements were taken to the retro-reflective targets on Fielden 
House during each total station survey, problems were encountered with the stability of 
one of the survey stations from which these measurements were made. This has 
reduced significantly the number of results that can be used in subsequent analysis and 
interpretation of building behaviour during underground construction. 
10.4.1.4.1 Vertical Displacements 
In general, the vertical displacements determined from the total station surveying 
for this northeasterly-facing, front facade correlate well with the corresponding precision 
levelling data. The movements recorded for both rows of retro-reflective targets are also 
in good agreement. For brevity, these results are not presented herein. 
10.4.1.4.2 In-plane Horizontal Movements 
The in-plane horizontal movements of the building facade have been used to 
provide insight into building behaviour at the construction joint between Fielden House 
and the BT Building (see Sub-section 10.3.1.4.3 for a commentary on this aspect) and 
the in-plane horizontal strains generated within the building itself, which are discussed 
below. The cumulative in-plane horizontal movements generally vary within ±10 mm of 
the initial base readings. 
10.4.1.4.3 In-plane Horizontal Strains 
The in-plane horizontal movements have been reduced to the corresponding 
horizontal strains; the sign convention adopted is as outlined in Sub-section 10.2.1.4.3 
for Telephone House. The incremental values of horizontal strain evaluated for the 
spans of the facade are shown in Figure 10.4.15(a): the corresponding cumulative 
values are presented in Figure 10.4.15(b). The respective construction/monitoring 
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periods have been superimposed upon both figures. In general, the strains vary in the 
range 400 microstrain compression to 400 microstrain tension, both incrementally and 
cumulatively. Within the accuracy of the measurements, the strains determined are 
relatively similar in nature and magnitude; there is no tendency for the horizontal strains 
to increase with increasing height. Similarly to both Telephone House and the BT 
Building, there is no clear evidence to suggest that the horizontal strains post-cessation 
of grouting operations are much greater than those of before. 
As shown in Figure 10.4.16, the passage of the westbound station tunnel 
enlargement works beneath the building footprint of Fielden House is suggested in the 
data. As the excavation face passes beneath the front facade, compressive strain, of 
the order of 800 microstrain, is developed within span 55-56, which is located above the 
southern shoulder of the westbound station tunnel. Minimal additional tensile strains are 
developed in the adjacent spans to the east. This strain is reversed soon thereafter on 
corrective grouting. 
10.4.1.4.4 Out-of-plane Horizontal IVIovements 
The out-of-plane behaviour of the front facade of Fielden House is discussed in 
this sub-section; only a limited number of profiles are presented. By the end of the 
monitoring period, in May 1997, the measured out-of-plane horizontal movements 
ranged from just over 40 mm adjacent to the BT Building to in excess of 60 mm at the 
top of London Bridge Street, to the east, a distance of just over 20 m. The data 
suggests that the building responded to underground construction through a 
combination of tilt and translation, with translation being the predominant mode of 
movement. This seems unlikely given the piled nature of the structure's foundation. 
Measurements to the targets on Fielden House were made largely from one station, 
number one. This station was not especially stable in the out-of-plane direction, 
particularly during the later surveys; only the data where this station is considered 
relatively stable are presented below. 
Figure 10.4.17 shows the horizontal movements of the retro-reflective targets 
normal to the front facade for selected dates at four vertical sections - AA, BB, CC and 
DD - along its length. The locations of the sections are shown in Figure 10.4.7. A 
relatively rigid response has been assumed in the vertical plane for the facade. It is not 
possible from the data to determine the influence of the westbound station pilot tunnel 
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on the behaviour of the facade. The excavation of this sub-surface structure was in 
progress by the time of the first total station survey during July 1995. Data from surveys 
carried out in July and October 1995, and February and July 1996 are presented in 
Figure 10.4.17, covering the period during which the westbound station pilot tunnel was 
enlarged. 
The out-of-plane horizontal movements and corresponding tilts are relatively 
uniform in magnitude for each of the surveys. The variation in horizontal movement 
between the measurements made during each survey is typically ±3 mm; this variation 
increases to ±5 mm for the survey data of 10 July 1996. Tilts of up to one mm/m are 
observed. The progressive nature of the response of the facade to the enlargement 
works is also evident in the data. When these profiles are projected down towards the 
base of the structure, facade translations of up to 10 mm are suggested. If allowance is 
made for measurement accuracy and error, translations of the order of 5 mm are 
indicated. The corresponding out-of-plane horizontal movements due to tilt are between 
17 and 23 mm in magnitude. These results suggest that the predominant mode of 
movement exhibited by the building during underground construction is one of tilt, which 
is consistent with the nature of the structure's foundation. 
Although relatively uniform, the magnitude of the tilt does vary along the length of 
the Fielden House facade, suggesting a twisting mode of deformation in the vertical, "x-
z" plane. Unlike either Telephone House or the BT Building there is not a consistent 
directional component to this variation, i.e. it does not increase in an easterly direction. 
This behaviour is a reflection of the areal distribution of the sub-surface works in relation 
to the building footprint. 
10.4.1.5 Transverse Behaviour 
The nature of the transverse response of Fielden House is described in this sub-
section though the behaviour of the electrolevel beams installed within the structure. As 
shown in Figure 10.4.8, several strings of electrolevel beams were located around the 
perimeter of the building at sub-basement level. In addition, one string, the B-Series, 
was aligned along the interface between Fielden House and the adjacent arches 
supporting London Bridge Street, while two others, the A- and E-Series, were aligned 
transversely, across the building footprint, extending into the adjacent brickwork vaults. 
A largely continuous sequence of data is available from 6 November 1995 until 11 
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September 1996 for all the electrolevel beams; data are not available for the initial period 
of underground construction. By the time the data are available several excavation 
phases and compensation grouting episodes had taken place in the vicinity. 
Settlements of between one and two millimetres are indicated along the front facade at 
this time, while heave of a similar order of magnitude is suggested along the 
corresponding rear facade. 
The geometry and structural form of Fielden House imply that a relatively stiff 
response would be observed across the building footprint. Profiles of relative vertical 
displacement for the A- and E-Series electrolevel beam strings are shown in Figure 
10.4.18, during the enlargement of the westbound station tunnel pilot in Period 4, and 
the first phase in the excavation of the eastern ventilation tunnel during Period 9. The 
former period represents the time during which compensation grouting ground treatment 
works were carried out beneath the building footprint, while the latter period is 
representative of the time following the cessation of grouting operations in the vicinity. 
The approximate extent of the brickwork vaults included in each electrolevel beam string 
is evident on these profiles. The relative movements of the A-Series electrolevel beam 
string are presented in relation to the southwest-facing, rear facade, while those of the 
E-Series electrolevel beam string are given in relation to the brickwork arches adjacent 
to the northeast-facing, front facade; in both cases these features are taken as the null 
point. 
The data indicate that the western half of the Fielden House building footprint 
responds in a relatively rigid manner at both sections during the monitoring period. The 
nature of the response differs, however. The influence of the compensation grouting 
protective measures is clearly evident in the profiles for the A-Series electrolevel beam 
string during Period 4; heave of up to 5 mm is indicated at the northeast-facing facade 
during this time. The corresponding relative movements of the E-Series string suggest 
settlement of the order of 10 mm. 
Comparison of the response of the brickwork arches in Periods 4 and 9 for both 
the A- and E-Series electrolevel beam strings, further demonstrates the influence of 
these protective measures. In the absence of compensation grouting, the brick arches 
settle markedly compared to Fielden House. This behaviour is less obvious in the 
corresponding data for the E-Series electrolevel beam string, reflecting the relative areal 
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distribution of grout beneatln tine building footprint (see Figure 10.4.5). 
It is likely that the eastern half of the building footprint responded in a similar 
manner to that displayed by the E-Series electrolevel beam string, given the nature of 
the sub-surface works and ground treatment operations in progress in the area, during 
this time. The overall behaviour of the building in this plane during the remainder of 
underground construction is difficult to surmise, as the excavations for the eastern 
ventilation tunnel were undertaken directly beneath the eastern half of the building 
footprint in the absence of compensation grouting at this time. 
10.4.1.6 Compensation Grouting 
Figure 10.4.3 puts the compensation grouting protective measures implemented 
beneath the building footprint of Fielden House into the context of the London Bridge 
Street buildings. In general, the curve describing the amount and rate of grout injection 
is tri-linear in nature; the initial linear portion of the curve corresponds to station pilot 
tunnel excavation. The gradient of the middle part of the curve is flatter, the least 
amount of grout being injected over this period. This part of the curve coincides in part 
with the change in strategy discussed below. The final linear portion of the curve 
exhibits the steepest gradient; the change in grade delineating the middle and final 
portions of the curve occurs during the passage of the excavation face for the 
westbound station tunnel enlargement to the north of the building. 
The imposition of heave during excavation of the westbound station pilot tunnel 
effectively nullified the response of the building; a more marked response was observed 
during the subsequent enlargement works following a change in compensation grouting 
strategy. At the turn of the year 1995/1996, during which time the excavation face of the 
eastbound station tunnel enlargement traversed the footprint of the adjacent BT 
Building, there was concern about the magnitude of the differential settlements 
developing between Fielden House and the brickwork arches, which support London 
Bridge Street. This led to restrictions on compensation grouting operations beneath the 
Fielden House building footprint during much of January and February 1996. In effect, 
Fielden House was allowed to settle, typically by between 5 and 10 mm, during this 
period. At its junction with the BT Building, settlement in excess of 10 mm was 
recorded. Significant grout injections continued to be made beneath the BT Building 
during this time. This strategy successfully reduced the differential between the 
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adjacent facades. On resumption of excavation associated witli the westbound station 
tunnel enlargement immediately adjacent to the rear facade of Fielden House, 
compensation grout injections beneath the corresponding building footprint increased 
significantly; a combination of concurrent and corrective injections being made during 
February and March 1996. 
10.4.1.7 Twist 
In this sub-section, the three-dimensional response of the building footprint is 
described. The longitudinal response of the front and rear facades of Fielden House, 
which is shown in Figures 10.4.11 and 10.4.12, has been discussed in Sub-section 
10.4.1.2, while the corresponding transverse response, which is summarised in Figure 
10.4.18, was considered in Sub-section 10.4.1.5. The relatively rigid nature of the 
response of the building in both longitudinal and transverse planes during compensation 
grouting ground treatment operations suggests that distortion due to a twisting mode of 
movement would be minimal over this time. The data recorded by the various 
electrolevel beam strings installed throughout the building have been used to investigate 
this postulate. Uncertainties concerning the satisfactory correlation with adjacent 
precision levelling data, have resulted in only the two transversely-orientated electrolevel 
beam strings, the A- and E-Series, being considered suitable for use in this exercise. 
Profiles of relative vertical displacement for the A- and E-Series electrolevel 
beam strings are presented in Figure 10.4.18, during the enlargement of the westbound 
station tunnel pilot in Period 4, and the first stage of the excavation of the eastern 
ventilation tunnel during Period 9. Compensation grouting ground treatment works were 
carried out beneath the building footprint during the former period, while such operations 
had largely ceased in the vicinity by the latter period. The relative movements of the A-
Series electrolevel beam string are presented in relation to the southwest-facing, rear 
facade, while those of the E-Series electrolevel beam string are given in relation to the 
northeast-facing, front facade; in both cases the facade is taken as the null point. The 
relative vertical movements of both electrolevel beam strings indicate relatively rigid 
behaviour. The orientation of the movements, however, differs. 
In Period 4, heave is periodically induced following compensation grouting 
episodes along the A-Series electrolevel beam string; the E-Series electrolevel beam 
string consistently indicates settlement occurring at this time. The protective measures 
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are inducing a transient, racl<ing type of deformation along this length of the building 
footprint. Throughout Period 9, both electrolevel beam strings indicate settlement 
occurring along the front, northeast-facing facade of Fielden House; the magnitude of 
this vertical displacement, however, differs. Of the order of 5 mm relative movement is 
recorded along the A-Series electrolevel beam string while relative movement of 
approximately 15 mm is observed along the E-Series electrolevel beam string. This is 
commensurate with the sub-surface works in progress at the time, excavation of the 
eastern ventilation tunnel. The difference in slope across the building footprint between 
these sections gives rise to further twisting deformation but of reversed orientation to 
that observed in Period 4 due to the protective measures. 
The twisting mode of deformation captured during the total station monitoring of 
the northeast-facing front facade (see Sub-section 10.4.1.4) further complicates the 
nature of the overall response. 
10.4.2 Damage Recorded 
As shown in Figure 10.4.19, damage was mainly recorded in two areas, at both 
basement and sub-basement levels, within Fielden House during the construction of 
London Bridge underground station: along the junction between the building and the 
brickwork arches of London Bridge Street and within the adjacent eastern stairwell. No 
damage was reported at higher levels. 
10.4.2.1 Junction witli London Bridge Street Arches 
The first crack noted in the sub-basement, FHC No.1, which is shown in Figures 
10.4.9 & 10.4.20, was observed in early October 1995. It was sub-vertical in nature, 
varying in width from 1.5 mm at its base to 6.5 mm at its head, and extended over the 
upper half of a wall in the western half of the structure. The crack is considered to be 
associated with the excavation of the station tunnel pilots earlier in the year. Also shown 
in Figures 10.4.9 & 10.4.20 is the adjacent full-height, sub-vertical crack, FHC No.2. It 
was of the order of 6 mm wide, with a shear displacement of about 3 mm, orientated 
down and away from Fielden House, when subsequently observed towards the end of 
December 1995, during the enlargements of the station tunnel pilots. The behaviour of 
the second crack suggests that the London Bridge Street arches were moving 
downwards relative to Fielden House. Figure 10.4.18, which illustrates the time-relative 
vertical displacement behaviour of the E-Series electrolevel beam string, along an 
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adjacent section tinrougli both the building and the arches, promotes this postulate. 
Examination of the subsequent behaviour of these cracks during the first quarter 
of 1996, when much movement took place, is instructive. As shown in Figure 10.4.21, 
the first crack, FHC No.1, to the south, closed by about 2 mm in the first quarter of 1996. 
Thereafter, several episodes of crack re-opening are evident in the profile of the 
variation in relative crack movement over time, before movement essentially stabilises, 
the crack having closed by some 2.5 mm since monitoring commenced. The episodes 
of crack re-opening are short-lived and relative movement is of the order of 0.5 mm in 
each case. The second crack, FHC No.2, opened approximately 1 mm in January, 
closed by about 0.5 mm during February before re-opening by approximately 1.5 mm in 
March 1996. The remaining movement during underground construction comprised 
closure of about 0.5 mm overall. 
Crack, FHC No.2, has a similar time-relative movement profile to that of the first 
crack, FHC No.1. The difference between the profiles is the nature of the relative 
movements. Whereas crack FHC No.1 largely exhibits closure, crack FHC No.2 
essentially displays opening. On the basis of the excavations in progress, the 
enlargements of the station pilot tunnels, the arches would be expected to move 
downwards and away from Fielden House towards the excavation; the behaviour of the 
second crack correlates with such a response. The behaviour of the first crack, which 
suggests that the second crack is opening towards the building and not the arches, does 
not. The imposition of compensation grouting protective measures during this time in 
the vicinity of these cracks provides a possible explanation for the behaviour of crack 
FHC No.1; closure is caused by grout injection. 
As shown in Figure 10.4.22, the damage along the junction between Fielden 
House and the brickwork arches was concentrated at construction joints. Cracks, up to 
11 mm wide, aligned approximately parallel to London Bridge Street, and running much 
of the length of the building, developed in the floor and ceiling of the sub-basement, 
adjacent to the brickwork arches as shown in Figure 10.4.22. At ceiling level, at the 
interface between the brickwork arches and the cantilever beams that support the 
pedestrian pavement on London Bridge Street, cracks, the locations of which are shown 
in Figure 10.4.22(b), had developed by 12 March 1996. The arches had pulled away by 
some 10 mm, correlating with the ongoing excavations (see Figure 10.4.23). This detail 
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represents the only example of structural continuity between Fielden House and the 
brickwork arches. 
Examination of the subsequent crack monitoring data, which is presented in 
Figure 10.4.24, is inconclusive. Crack monitoring data is only available from March until 
November 1996. Interestingly, only crack FHC No.3 exhibits signs of movement 
terminating at this time. This crack opens by about 2 mm in response to the station 
tunnel enlargements; little movement is recorded thereafter. Cracks, FHC No.4 and 
FHC No.5, exhibit more variation in their behaviour. Crack FHC No.4 opens in response 
to excavations associated with both the eastern escalator shaft and eastern ventilation 
tunnel, relative crack movements of up to 3 mm being recorded. The behaviour of 
Crack FHC No.5 is less clear. Initially, this crack generally exhibits closure before 
opening in a similar manner to Crack FHC No.4, in response to the excavation of the 
eastern ventilation tunnel. Overall, however, little new movement takes place at Crack 
FHC No.5. 
10.4.2.2 Eastern Stairwell 
Of the three case study buildings in London Bridge Street, Fielden House 
suffered the most extensive shear cracking. Within the eastern stairwell, at least a 
dozen, approximately parallel, shear cracks formed on the transverse walls, i.e. those at 
right angles to the front facade, at basement and sub-basement level. These cracks, 
which were up to 2.5 mm wide when first reported on 9 June 1996, were, similarly to 
those observed at the BT Building, all orientated diagonally down and away from London 
Bridge Street. Cracks on a parallel alignment were also recorded on the adjacent 
internal walls. Over the next year, the cracks gradually lengthened and widened; on the 
easternmost wall of the stairwell crack width increased from 1 mm on 9 June 1996, to 
2.5 mm on 19 June 1997. This movement coincided with the excavation of the eastern 
ventilation tunnel in the vicinity. 
Horizontal cracks parallel to London Bridge Street, similar to those noted in the 
floor and ceiling of the sub-basement (see Figure 10.4.22), were also observed in the 
northern and southern walls of the eastern stairwell, at its junction with the ceiling of the 
basement. Subsequent water ingress here stained the northern wall and caused 
superficial damage to the plaster. 
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10.4.3 Summary 
The geometry of Fielden House, an irregular rectangle in plan with longitudinal 
aspect ratios between three and five times those transversely, and form of the 
superstructure, a reinforced concrete frame with localised cantilever section, implies a 
relatively more flexible response along the length of the building footprint than across it. 
The piled foundation, however, suggests a generally rigid behaviour overall; the 
underpinning of the foundations adjacent to the eastern ventilation shaft would have 
contributed to such a response. 
In practice, Fielden House settled by between about 30 and 50 mm during the 
construction period. The maximum vertical displacements were measured along the 
front, northeast-facing facade while the minimum vertical movements were recorded in 
the vicinity of the western stairwell at the rear of the building. The overall response of 
the structure was relatively flexible in nature with twist observed in both 'x-y' and 'x-z' 
planes. Such overall behaviour is consistent with the nature of the buildings 
superstructure. The longitudinal response of the building was more flexible, in relative 
terms, than the corresponding response in the transverse plane, reflecting the areal 
distribution of the sub-surface works in relation to the building footprint. The out-of-
plane horizontal movements determined from the total station surveying data indicate 
that tilt, in a northeasterly direction into London Bridge Street, is the dominant form of 
movement in the 'x-z'plane. The underpinning of the existing piled foundations in the 
SE corner of Fielden House was effective in limiting the settlement of this part of the 
building, which was immediately adjacent to the eastern ventilation shaft excavation. 
Overall, the damage observed at Fielden House was classified by the JLEP as 
'slight' (BRE, 1995). The slopes and deflection ratios determined for the facades of this 
building are consistent with such a damage category. The in-plane horizontal strains 
deduced from the total station surveying data, at ±400 microstrain, are close to the 
accuracy of the measurements made. Notwithstanding the above, the passage of the 
excavation face of the westbound station tunnel enlargement works has been identified 
from the data. 
Cracking occurred at basement and sub-basement levels along the interface 
between the building and the brickwork arches, which support London Bridge Street, and 
in the stairwell at the eastern end of the building above the eastern ventilation tunnel. In 
general, pre-existing cracks resumed movement in response to the underground 
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construction works. Tine mode of tlie deformation to tine walls of the eastern stairwell, 
perpendicular to London Bridge Street, and along the junction of the building and the 
brickwork arches, is consistent with the settlements recorded in the vicinity. In the 
absence of compensation grouting protective measures, greater settlements were 
recorded to the north of the structure. The general movement of the brickwork arches 
was downwards and away from Fielden House. No damage was reported at higher 
levels. 
10.5 London Bridge Post Office 
As shown in Figure 10.5.1, London Bridge Post Office (LBPO) is located above 
the western end of the JLE London Bridge underground station. The axis of the 
eastbound station tunnel crosses beneath the eastern half of the building footprint on a 
skew angle of approximately 29° to the northeast-facing, longitudinal facade of the 
structure, i.e. in plan, as the tunnel excavation face passed from beneath the southwest-
facing, longitudinal facade to the corresponding northeast-facing facade its axis moved 
approximately 20 m eastwards relative to the building footprint. The western ventilation 
tunnel passes beneath the opposite western half of the building footprint, essentially 
bounding the western end of the building. It passes through an approximately 90° 
degree bend below the LBPO footprint, changing from a northerly to an easterly 
orientation. Ultimately, the western ventilation tunnel has a skew angle of approximately 
40° to the northeast-facing, longitudinal facade of the Post Office. 
The station concourse and associated temporary works access tunnels are 
situated immediately to the south of LBPO; the concourse tunnel crosses beneath its 
southern tip. Two of the cross-passages that link the station tunnels to the central 
concourse are situated adjacent to the Post Office building footprint; the northern half of 
Cross-passage No. 1 was hand-mined directly below the junction with the Southwark 
Cathedral Chapter House while Cross-passage No.2 is located to the south of LBPO, 
beneath the Chapter House. To the east of these cross-passages, is the JLE/NL 
interchange passage, which is aligned at right angles to the station tunnels. The IMR 
tunnel and western escalator shaft are located to the south of the Post Office, between 
the station tunnels. With the exception of the western escalator shaft, which was driven 
through surficial deposits including treated Terrace Gravels before encountering London 
Clay, the tunnels of the JLE London Bridge underground station in the vicinity of LBPO 
were excavated largely within the London Clay Formation. 
-306-
Chapter 10: London Bridge Street 
In addition to the tunnels of the JLE, London Bridge Post Office was affected by 
the contemporaneous improvement works to the Northern Line, which are also shown in 
Figure 10.5.1. The new southern escalator shaft, which is situated beneath the A3, 
provides direct access to the Northern Line from the Borough High Street Ticket Hall. In 
relation to LBPO, it is located to the west, and aligned approximately parallel to the 
northwest-facing facade of the building. Similar to the JLE western escalator shaft, the 
surficial deposits in the vicinity of the NL southern escalator shaft were subject to 
permeation grouting ground treatment in advance of shaft construction. 
There are numerous pre-existing sub-surface structures in the vicinity of the Post 
Office (see Figures 8.13 to 8.15 of Chapter 8 ). The tunnels of both the current 
Northern Line of the underground, and those of the original City & South London Railway 
as well as an abandoned shunting tunnel are located beneath Borough High Street 
immediately adjacent to, and aligned approximately parallel to, the northwest-facing 
facade of LBPO. Additionally, at the comer of Borough High and London Bridge Streets, 
to the north of the Post Office, there are numerous associated access tunnels, 
passageways and shafts (see Sub-section 8.2.2.2 of Chapter 8 for further details). By 
the time of the JLEP, a number of these tunnels had been in situ for more than one 
hundred years. 
As shown in Figure 10.5.2, TAMs for compensation grouting extended beneath 
the Post Office building footprint from three directions: from Borough High Street to the 
northwest (Figure 10.5.2(a)), London Bridge Street to the northeast (Figure 10.5.2(b)), 
and St Thomas Street to the southwest (Figures 10.5.2(a) & 10.5.2(c)); the C-, T- and 
V-Series. The C- and V-Series TAMs were in place before tunnelling commenced in the 
area while the T-Series TAMs in St Thomas Street were installed in two phases in 
accordance with the progress of the tunnelling works. The Phase I TAMs, which 
covered much of the eastern half of the LBPO building footprint, were installed in 
advance of tunnelling, while the Phase II TAMs, which only covered the 'nib'Xo the east, 
replaced those of the V-Series TAMs rendered inoperable by tunnelling. Grout injections 
associated with these protective measures were carried out between January 1995 and 
August 1996. 
About 278 m® of grout was injected through the TAMs into the London Clay 
beneath the building during this 20-month period; approximately 139 m^ between both 
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20 January and 20 December 1995, and 4 January and 12 August 1996, in a series of 
66 episodes, 38 during 1995 and 28 in 1996. The daily and corresponding cumulative 
volumes of grout injected into the London Clay beneath the Post Office building footprint 
over this period are presented in relation to the building specific construction/monitoring 
sequence in Figure 10.5.3 for the individual TAM series as well as collectively. The 
various excavation phases and ground treatment episodes relevant to LBPO are 
summarised in relation to the monitoring data in Figure 10.5.4; the numbers in this 
figure given to the various construction/monitoring periods correspond with those 
included on subsequent building movement plots and in the accompanying text. The 
relative areal distribution of grout injected into the London Clay during the ground 
treatment operations is presented as a contour plot of grout intensity in Figure 10.5.5. 
A detailed description of the fabric and structure of London Bridge Post Office, 
with load-bearing brickwork superstructure supported by a raft foundation, is given in 
Sub-section 8.3.1 of Chapter 8. Historical records suggest that the raft foundation is 
approximately three metres thick over the majority of the building footprint, stepping 
down to approximately 0.6 m in depth adjacent to the Southwark Cathedral Chapter 
House. As far as it is known the building itself, was not subject to any specific 
strengthening measures in advance of the JLEP underground construction works. 
LBPO has a length-to-breadth ratio of essentially 3, length-to-height ratio of about 2.4, 
and a breadth-to-height ratio of approximately 0.85. The building height of 16 m has 
been taken as the distance from ground level adjacent to Borough High Street to main 
roof level; it does not include the single storey basement. 
Precision levelling, selective crack monitoring and real-time monitoring of building 
movement during compensation grouting operations employing electrolevel beams, were 
all undertaken when underground construction was in progress in the vicinity of LBPO. 
The locations of the various monitoring points used are illustrated in Figures 10.5.6 to 
10.5.8. Not all of the crack monitoring locations are known with certainty; only those 
which are, were considered in the analysis and interpretation of the response of this 
building to the sub-surface works. Both precision levelling and crack monitoring 
continued into the longer term. 
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10.5.1 Observed Behaviour 
In the following sub-sections, the response of this building to the underground 
works is described with regard to the various monitoring techniques employed and 
subsequent data collated. 
10.5.1.1 Time-settlement response 
The behaviour over time of individual precision level monitoring points to the 
various underground works and ground treatment operations is described in this sub-
section; frequent reference will be made to the plan of the sub-surface works shown In 
Figure 10.5.1 during this description. Precision level monitoring points were positioned 
on three of the four facades of the building; it was not possible to install any points on 
the southeast-facing facade as it abuts the chapel of the Southwark Cathedral Chapter 
House. The monitoring points that have been selected for description, nos 1438, 1439, 
1766 and Z3, are located at the four corners of the building footprint, as shown in Figure 
10.5.6. Their time-settlement behaviour is representative of the building response as a 
whole. 
The time-vertical displacement profiles for these monitoring points are presented 
together in Figure 10.5.9; a displaced origin approach is adopted. The actual values of 
vertical displacement recorded for monitoring point, no. 1439, are plotted while those of 
monitoring points, nos. 1438, 1766 and Z3, are offset from the observed values by +25 
mm, -25 mm, and -50 mm respectively. The building specific construction/monitoring 
sequence given in Figure 10.5.4, is superimposed upon these curves. The nature and 
relative magnitude of the vertical displacement of each monitoring point is clearly evident 
on the figure as are similarities and differences between the various profiles. 
The time-settlement profiles for the two monitoring points located on the 
northwest-facing, side facade, nos. 1438 and 1439, are considered first. The nature of 
the response of these points to the underground works and accompanying protective 
measures is, in broad terms, similar up until the beginning of Period 9; the movement of 
monitoring point, no. 1438, was not measured beyond the end of this period. In general, 
when measured, monitoring point, no.1438, exhibits greater magnitude settlement than 
monitoring point, no.1439. The vertical displacements recorded at these points are 
generally within ±5 mm of their initial readings until the end of Period 7. A series of 
peaks, most noticeably in Period 5 and the first half of Period 6, and troughs, most 
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apparent in Period 4, corresponding to episodes of grout-induced heave and excavation-
induced subsidence are evident within the data over this duration. In Period 8, with the 
excavation of the western ventilation tunnel in progress beneath this part of the building 
footprint (see Figures 10.5.1 & 10.5.4), both points experience pronounced settlement 
of the order of 10 mm. A limited amount of grout was injected into the London Clay 
beneath this part of the building during this time (see Figure 10.5.5); subtle grout-
induced heaves are evident in the corresponding time-vertical displacement curves. 
From Period 8 onwards, the response of monitoring points, nos. 1438 and 1439, 
is quite different to those of the points on the adjacent longitudinal facades of the 
building. In contrast to monitoring points, nos. 1769, Z7 and Z9, which are subject to 
further subsidence, in excess of 15 mm, between Periods 9 and 12, these points exhibit 
little further downward vertical movement during this time, with overall settlement 
remaining at between 15 and 20 mm. The time-settlement curves are concave in 
nature, indicating a progressively decreasing rate of vertical movement. Beyond the end 
of Period 9, there is no data for several of the monitoring points at this end of the 
building - monitoring points, nos. 1438, Z7 and Z9. As shown in Figure 10.5.6, the 
remaining two monitoring points, nos 1439 and 1769, for which data was collated are 
located at/close to the NW corner of the building. Both points display significant and 
rapid further settlement, of the order of 15 mm, in Period 13, with the excavation of the 
adjacent Northern Line southern escalator shaft beneath Borough High Street (see 
Figure 10.5.1). Over the period of underground construction, monitoring point, no. 
1439, exhibited almost 30 mm of subsidence; monitoring point, no. 1769, experienced 
about one and a half times this amount. 
The variations in settlement over time exhibited by monitoring points, nos. 1766 
and Z3, are also shown in Figure 10.5.9. These points are situated, as shown in Figure 
10.5.6, in the NE and SE corners of the building footprint respectively, at the opposite 
end of the Post Office building to monitoring points, nos. 1438 and 1439. The nature 
and magnitude of the response of these points is, in broad terms, similar initially to that 
discussed above for monitoring points, nos. 1438 and 1439, with peaks and troughs 
corresponding to episodes of grout-induced heave and tunnelling-induced subsidence 
evident in their profiles. From Period 6 onwards, however, the responses start to 
diverge. The behaviour of monitoring points, nos. 1766 and Z3, is generally similar 
throughout. 
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The observed movements at this time are generally within ±5 mm of the initial 
readings although greater settlements, approaching 10 mm, are recorded towards the 
end of Period 6 and into Period 7 for monitoring point, no. Z3, creating a differential, of 
the order of 5 mm, between the two points. Monitoring point, no. Z3, generally 
experienced greater movements during the monitoring period, although towards the end 
of underground construction in the vicinity, the subsidence recorded at both locations is 
similar. The varying differential, which is maintained between the two monitoring points 
in these corners for much of the monitoring period, reaches a peak, of the order of 10 
mm, at the end of Period 12. 
From the middle of Period 7 onwards until the end of underground construction, 
downward vertical movement is dominant. As shown in Figure 10.5.9, between about 
the middle of Period 7 and the middle of Period 9, corresponding approximately with the 
excavation of the station concourse pilot tunnel and subsequent enlargement works, the 
rate and magnitude of downward movement exhibited by both monitoring points 
increases progressively. From the middle of Period 9 until the end of Period 12 for 
monitoring point, no. 1766, and Period 13 for monitoring point, no. Z3, the rate of 
settlement decreases progressively. For both points, the time-settlement curve is initially 
convex before becoming concave in nature. 
During the first half of Period 13, monitoring point, no.1766, experiences abrupt 
subsidence of the order of 15 mm. This movement is consistent with that recorded for 
monitoring point, no. 1439, at the opposite end of this longitudinal facade of LBPO, the 
building tilting northeastwards. The movement occurs approximately concurrent with the 
excavation of the pilot headings for the JLE/NL interchange passage above the 
eastbound station and concourse tunnels. The subsequent enlargements of these 
headings to full-size, in the second half of Period 13, do not have such a marked effect 
on the respective time-settlement profile. This is illustrated graphically in Figure 10.5.10 
with the approximate progress of the various excavation faces superimposed upon the 
time-settlement curve for this period. The 1700 Series monitoring points all exhibit a 
marked reaction to the JLE/NL interchange passage pilot heading excavations while the 
corresponding Z series monitoring points continue to display uniform settlement; 
monitoring point, no. Z3, is little affected by these works. The latter points are reflecting 
ongoing consolidation settlement rather than the immediate volume loss ground 
movements associated with the pilot headings. At the end of Period 13, the overall 
settlements of both monitoring points are similar. As was the case in the first half of the 
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monitoring period, the behaviour of those monitoring points on the adjacent 
northeasterly- and southwesterly-facing facades, nos. 1767 and 1768, and Z4 and Z5, 
respectively, were similar in nature and relative magnitude during this half of the 
monitoring period. 
Overall, the magnitude and nature of the response of the monitoring points 
situated around the perimeter of the Post Office building are generally similar up until the 
end of Period 8. As shown in Figure 10.5.11, from Period 9 onwards the behaviour of 
the points falls into three groupings based on location in relation to the remaining 
underground excavations. Compensation grouting ground treatment operations in the 
vicinity ceased during the second half of Period 9 and this is marked by an increasing 
divergence in the time-settlement behaviour exhibited by the various monitoring points. 
The monitoring points located in the western half of the building footprint experience 
least additional downward movement while those points in the eastern half of the 
footprint on the southwest-facing facade, the Z-Series, experience the greatest. The 
monitoring points in the eastern half of the building footprint on the northeast-facing 
facade, the 1700-Series, undergo settlements intermediate between these two 
extremes. This suggests that the building is subject to a twisting three-dimensional 
movement. This aspect of the building's behaviour is discussed in more detail in Sub-
section 10.5.1.4. 
The foregoing commentary has demonstrated the correlation between building 
response and construction activity for London Bridge Post Office; the importance of 
relative areal distribution and sequencing of the works on subsequent behaviour has 
once again been highlighted. The data can be divided into two groups, namely, that 
data representative of the western half of the building, and that representative of the 
corresponding eastern half. The data for the eastern half of the building can be 
subsequently sub-divided into data representative of the southwest- and northeast-
facing, longitudinal facades. The data also illustrate that the building response captured 
in the interim can be quite different to that at the end of construction, i.e. the direction of 
tilt of the raft. Although compensation grouting ground treatment operations did not 
cease completely within the immediate vicinity of LBPO until the beginning of August 
1996, these operations were reduced in scale in the months leading up to this cessation. 
As shown in Figure 10.5.3, pauses are evident in the time-grout injection profile for the 
various TAM series in the vicinity between Periods 7 and 9. These pauses correspond 
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approximately with the abrupt settlements noted above; the portions of the time-
settlement curves for these periods generally indicate increasing rates of vertical 
displacement. These aspects shall be developed upon in the following sub-sections. 
10.5.1.2 Longitudinal Facade Profiles 
The response of the southwest- and northeast-facing longitudinal facades of the 
Post Office building are described in this sub-section. Profiles of the changes in level of 
the various monitoring points located along these facades are presented for the more 
significant periods in Figures 10.5.12,10.5.13 and 10.5.14. The general approach 
adopted and the assumptions made in compiling these profiles are as outlined in Sub-
section 10.2.1.2 for Telephone House. 
Each profile depicts the change in level plotted against the distance from the NW 
corner of the building. Due to protrusions, the monitoring points on both building 
facades are not all located in the same vertical plane. Also, the profile for the northeast-
facing facade is slightly longer than that for the corresponding southwest-facing facade 
as it includes the 'nib', which abuts the Southward Cathedral Chapter House. In 
addition, data was not available for all the monitoring points throughout the entire 
monitoring period. In these circumstances engineering judgement has been used in 
compiling the corresponding facade profile. 
The profiles presented in Figures 10.5.12(a) & 10.5.13(a) relate to Period 4, 
when the eastbound station pilot tunnel excavations were in progress, i.e. excavation 
was concentrated in the eastern half of the building footprint (see Figure 10.5.1). An 
approximately uniform, relatively rigid response is indicated by the data for both profiles; 
settlement is generally greater along the northeast-facing front facade. 
Figures 10.5.12(b) & 10.5.13(b) show selected profiles measured during the 
enlargement of the eastbound station tunnel pilot in Period 6. As in Period 4, an 
approximately uniform, relatively rigid response is generally indicated by the data for 
both profiles. The influence of the compensation grouting protective measures in 
jacking-up the eastern half of the building footprint is also evident in the profiles for the 
southwest-facing facade between 4 and 22 December 1995. Settlement is greater along 
the southwest-facing facade. 
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Profiles showing the response of the southwest- and northeast-facing 
longitudinal facades of the Post Office building to the enlargement of the station 
concourse pilot tunnel in Period 8 are given in Figures 10.5.12(c) & 10.5.13(c). 
Significant magnitude movements, in excess of 15 mm locally, take place along both 
facades during this time. The overall response of both facades remains approximately 
uniform in character, and relatively rigid in nature, although less so than in earlier 
periods. 
With the cessation of compensation grouting ground treatment operations, during 
the middle of 1996, the nature of the subsequent settlement profiles changes: a more 
rigid form of response is indicated. As shown in Figures 10.5.12(d) & 10.5.13(d), the 
behaviour of the facades becomes increasingly rigid in nature during Period 9. Rotation 
about a point to the west of the Post Office is suggested by both sets of facade profiles; 
the building is tilting in an easterly direction, downward vertical displacement increasing 
towards the underground works in progress at the time, the enlargement of the station 
concourse pilot tunnel. The southwest-facing facade experiences significantly greater 
settlement than the corresponding northeast-facing facade during this time; of the order 
of 25 mm in comparison to about 15 mm. The timing and magnitude of this movement 
reflects the areal distribution of the works and their progress, in relation to the LBPO 
building footprint. By the end of the period, however, the overall magnitude of 
settlement is similar along both facades; a differential orientated towards the southwest-
facing facade does, however, remain. 
As shown in Figures 10.5.12(e) & 10.5.13(e), the excavation of that section of 
the JLE/NL interchange passage between the long subway, beneath London Bridge 
Street, and eastbound station tunnels, during Period 11 resulted in little downward 
vertical movement along either longitudinal facade. This movement was approximately 
uniform in character and remained relatively rigid in nature. The uniform character of 
the movements indicates that the building is responding to consolidation settlement of 
previously disturbed ground rather than immediate volume loss ground movement 
generated by the excavation of the interchange passage. 
Figures 10.5.14(a) to (d) illustrate the responses of the longitudinal facades to 
the excavation of the NL southern escalator shaft beneath Borough High Street, the JLE 
western escalator shaft beneath St Thomas Street, and the JLE/NL interchange 
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passage in Period 13. The locations of these sub-surface structures are shown in 
relation to the Post Office building footprint in Figure 10.5.1, while the sequencing of 
these works is illustrated in Figure 10.5.4. At the beginning of this period, a significant 
differential, orientated towards the southwest-facing facade, exists over the building 
footprint; this differential is greatest at the eastern end of the footprint and least at its 
corresponding western end. In the first half of Period 13, the northeast-facing facade 
and the western part of the corresponding southwest-facing facade, undergo 
approximately uniform settlement of the order of 10 mm; thereafter, these parts of both 
facades experience little further downward vertical movement. The eastern half of the 
southwest-facing facade experiences about a quarter of this magnitude of vertical 
movement over this time. Rotation about a point to the east of the facade is suggested 
by the profiles during this part of Period 13. The differential, orientated towards the 
southwest-facing facade, remains at the end of the period. In the second half of Period 
13, the movements measured along each facade are approximately uniform in character 
and relatively rigid in nature; rotation about a point to the west of the Post Office is again 
indicated. 
In summary, the response of the longitudinal facades of London Bridge Post 
Office is approximately uniform in character and relatively rigid in nature throughout; the 
imposition of the compensation grouting protective measures has influenced this 
behaviour. Rotation about a point to the west of the structure, i.e. an easterly tilt of the 
Post Office building, is indicated several times in the data, particularly once ground 
treatment has ceased. A southwesterly orientated differential is generally maintained 
between monitoring points across the building footprint throughout underground 
construction. As observed for Telephone House, tunnel skew in relation to the building 
footprint does not seem to have a significant influence on the corresponding longitudinal 
facade profiles. Any such influence may, however, have been obscured by the 
compensation grouting ground treatment operations that took place in the vicinity over 
this time. 
10.5.1.3 Distortion 
In this sub-section distortions of the building foundations are considered locally in 
terms of slope. The variation in slope over time along the northeast-facing longitudinal 
facade is presented in Figure 10.5.15(a) for two spans within the central section of the 
facade; positive rotation is defined as an upward slope from east to west. The behaviour 
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of the longer span length, 1768-1769, is considered the more reliable. The shorter span 
length, 1767-1768, is subject to much noise, which is considered to be due primarily to 
survey inaccuracy. Initially, the slopes indicate tilt in a westerly direction. This is largely 
the result of compensation grouting ground treatment operations. On the cessation of 
these operations, a progressively increasing easterly tilt is evident. 
The corresponding variation in slope across the building footprint is presented in 
Figure 10.5.15(b); in this case positive rotation is defined as an upward slope from 
south to north. Similar to the longitudinal slope profiles, the span lengths of one of the 
transverse slope profiles is much shorter than the other, and as above more noise is 
associated with this span length. This limitation notwithstanding, the general behaviour 
of both span lengths is similar, indicating a progressively increasing southwestwards tilt. 
By the end of underground construction, the average slope is approaching 1 mm/m. 
It has not been possible, given the configuration of the Post Office building and 
distribution of precision level monitoring points, to determine deflection ratio. However, 
the relatively rigid nature of the longitudinal facade profiles suggests that the 
corresponding deflection ratios would be small. 
10.5.1.4 Cross Wall Behaviour 
The geometry and structural form of London Bridge Post Office - an old, massive 
masonry building supported on a raft foundation, with a length-to-breadth ratio of 
approximately three - would be expected to yield a stiffer response transversely than that 
displayed longitudinally. In this sub-section the character of the transverse response of 
the Post Office is considered through the behaviour of electrolevel beams installed in 
this plane within the basement. As shown in Figure 10.5.7, four transversely-orientated 
electrolevel beam strings - the C-, D-, E- and A-Series - were positioned along the length 
of the building to capture the response in this direction. A largely continuous sequence 
of data is available from 1 August 1995 until 11 September 1996; data are not available 
for the initial period of underground construction. By the time the data are available 
several excavation phases, including the eastbound station tunnel pilot, as well as 
compensation grouting episodes, had taken place in the vicinity. Settlements of up to 
three millimetres are indicated along the southwest-facing, longitudinal facade at this 
time, while heave of a similar order of magnitude is suggested along the corresponding 
northeast-facing, facade. The relative vertical displacements measured by these 
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electrolevel beams correlate approximately with those measurements determined by 
precision levelling of the monitoring sockets positioned around the perimeter of the 
structure. 
Profiles of relative vertical displacement are presented for the C-, D-, E- and A-
Series electrolevel beam strings in Figures 10.5.16-18, for Periods 6, 8 and 9 
respectively, when excavations associated with the station tunnel enlargements and IMR 
tunnel, station concourse pilot and western ventilation tunnel, and station concourse 
enlargement and JLE/NL interchange passage tunnel were undertaken in the vicinity. 
The relative movements of these electrolevel strings are all presented in relation to the 
southwest-facing, longitudinal facade, with the facade being taken as the null point. As 
far as possible the same dates have been adopted as those used in the longitudinal 
facade profiles shown in Figures 10.5.12-14. The C- and A-Series electrolevel beam 
strings, which are situated at each end of the building footprint, behave in a relatively 
rigid manner during all three periods. The northern ends of both strings move upwards 
relative to the corresponding southern ends throughout; the differential is generally 
greater across the A-Series string. The D- and E-Series electrolevel beam strings 
behave in a more variable manner. In Period 6, the response of the D-Series string is 
relatively rigid. The data captured by the fourth electrolevel beam is considered to be 
spurious throughout and only shown in the profiles for completeness, in Period 8, with 
the excavation of the western ventilation tunnel under way in the near vicinity, the 
southwesterly tilt evident in the profiles for Period 6 dissipates progressively. The 
relative vertical displacement profile approaches the null point by the end of this period. 
The form of this profile is maintained in Period 9. Relatively rigid behaviour is suggested 
by the profiles for the northen half of the E-Series string throughout monitoring. The 
eastern half of the profile exhibits more flexible behaviour, apparently responding to the 
enlargement of the eastbound station tunnel directly below, as shown in Figure 
10.5.16(c). Intermittent compensation grouting episodes are superimposed upon the 
general pattern of behaviour described above. 
As shown in Figures 10.5.16-18, it is evident on moving in an easterly direction 
along the building footprint, from the C- Series to the A-Series electrolevel beam strings, 
that the differential movements recorded vary as do their orientation. A pattern of twist 
emerges along the length of the building. At the end of Periods 6, 8 and 9, the northern 
end of the C-Series string is approximately 4, 5 and 6 mm, respectively, above the 
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opposite, southern end. The northern end of the adjacent D-Series string is also of the 
order of 4 mm above the corresponding southern end in Period 6. In Periods 8 and 9, 
however, there is no such differential. The northern end of the E-Series electrolevel 
beam string is up to 4 mm above the corresponding southern end in Period 6; there is no 
differential evident by the end of this period. In Periods 8 and 9, the northern end of this 
string falls below that of the opposite, southern end by up to 4 mm. The behaviour of 
the A-Series string is similar to that of the C-Series string at the opposite end of the 
building footprint. At the end of Periods 6, 8 and 9, the northern end of the A-Series 
string is approximately 6, 4 and 6 mm respectively above the opposite, southern end. 
The differential is greater in the interim. The three-dimensional response of London 
Bridge Post Office is discussed in more detail in Sub-section 10.5.1.6 below. 
10.5.1.5 Compensation Grouting 
The cumulative quantities and corresponding rates of grout injection made from 
the various TAM series in the vicinity of LBPO are presented in Figure 10.5.3. The 
profile of the curve of the overall quantity of grout injected approximates to five 'steps'; 
individually, injections from the 0- and T-Series TAMs, which cover the majority of the 
building footprint, are similar in both magnitude and nature. The nature of the curve 
representing injections from the V-Series TAMs is similar, and although only half the 
magnitude it is very significant given the much smaller area involved. 
Compensation grouting ceased in the vicinity of the Post Office during the first 
part of August 1996. As shown in Figure 10.5.9, marked steps in the time-settlement 
profiles for the precise level monitoring points located in the eastern half of the building 
footprint coincide with this cessation of ground treatment; those points at the western 
end of the building are largely unaffected. The magnitude of this step is dependent 
upon the relative proximity of the monitoring point to current/future excavation. 
The relative areal distribution of grout injected into the London Clay during the 
ground treatment operations is presented as a contour plot of grout intensity in Figure 
10.5.5. Compensation grouting in the general vicinity is focused beneath the junction 
between Alam House and the bell tower of the Southwark Cathedral Chapter House. As 
a result, the distribution of grout is concentrated towards the SE corner of the LBPO 
building footprint, where intensities in excess of 200 litres per square metre are evident. 
Grout intensity within the Post Office building footprint, itself, can be separated into two 
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areas: the western third and the remaining two-thirds. In general, the grout intensity 
within the latter area is approximately twice that of the former area; along the southwest-
facing facade it is up to four times the intensity. A similar grout intensity to that observed 
beneath the western third of the footprint is indicated for the 'nib'to the east. 
10.5.1.6 Twist 
The three-dimensional response of the building footprint is considered in this 
sub-section. The longitudinal response of the northeast- and southwest-facing facades 
has been described in Sub-section 10.5.1.2 (see Figures 10.5.12-14), while the 
corresponding transverse behaviour was considered in Section 10.5.1.4 (see Figures 
10.5.16-18). A relatively rigid response is observed in both these planes; differentials 
along and across the building footprint during underground construction, however, 
indicate a twisting, racking behaviour overall, three-dimensionally. 
Front and rear facade profiles, superimposed upon one another for selected 
dates in Periods 6, 8 ,9,11 and 13, are shown in Figures 10.5.19-23; the dates selected 
correspond as much as possible with those used for the earlier longitudinal facade 
profiles shown in Figures 10.5.12-14. The corresponding transverse profiles of relative 
vertical displacement for Periods 6, 8 and 9, shown in Figures 10.5.16-18, are generally 
consistent with the behaviour displayed in these figures. A differential, varying by up to 
6 mm and orientated towards the southwest-facing, longitudinal facade, is evident in the 
profiles for Period 6. While the other electrolevel beam strings indicate the progressive 
development of such a differential, the E-Series string peaks in the interim before 
returning to its initial datum by the end of the period (see Figure 10.5.16(a)). 
The general nature and magnitude of the differential established in Period 6 
along the lengths of the A- and C-Series electrolevel beam strings, which is shown in 
Figure 10.5.16, is retained in Periods 8 and 9 (see Figures 10.5.17 & 10.5.18). The 
differential established along the length of the corresponding D-Series string diminishes 
in Period 8, the beams essentially returning to their initial datums. As shown in Figures 
10.5.17 & 10.5.18, the orientation of the differential along the E-Series electrolevel beam 
string is reversed, inducing twist along the length of the building footprint. 
From the end of Period 9 onwards, as shown in Figures 10.5.19-23, the 
longitudinal facade profiles become increasingly parallel in nature and twist less of a 
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feature as a consequence, the building tilting eastwards. An approximately uniform, 
southwesterly-orientated differential is maintained along the building; the magnitude of 
this differential varies over time. The contemporaneous excavations of the NL southern 
escalator and the JLE/NL interchange passage, at opposite ends of the northeast-
facing, longitudinal facade of the Post Office, in Period 13 largely mitigate the potentially 
adverse three-dimensional effects that independent construction of these sub-surface 
structures may have induced. The movements recorded along the facade during this 
time are generally uniform in nature, the building continuing to tilt towards the east. 
The above commentary has demonstrated that twist, albeit transiently, was a 
feature of the response of London Bridge Post Office to the tunnelling-induced ground 
subsidence. The agreement between the different forms of monitoring provides 
corroboration of the behaviour observed. The areal distribution and skew angles of the 
tunnels in the vicinity, relative to the building footprint of LBPO, together with the 
geometry and structural nature of the building, would have contributed to such 
behaviour. The overall effects of twist on the Post Office have been ameliorated by the 
imposition of compensation grouting protective measures beneath the building footprint 
and judicious construction sequencing. The magnitude of the twist developed is such 
that little damage can be directly attributed to this phenomenon. 
10.5.2 Damage Recorded 
As shown in Figure 10.5.24, minor cracking to the plaster finishes of the walls on 
the second and third floors of the stairwell, at the eastern end of the building is 
understood to be the only damage recorded to the Post Office building during the 
construction of the JLE at London Bridge. The cracks, which were located in the SE 
corner of the stairwell adjacent to the slender 'nib', were generally sub-vertical to 
diagonal in orientation, and one to two millimetres in width. Several of these cracks were 
monitored during the underground works, from the end of July 1996, corresponding with 
the cessation of compensation grouting ground treatment operations in the vicinity, until 
January 1998. 
The change in width recorded for these cracks generally varied within ± 0.5 mm 
of the initial readings, which is not much greater than the accuracy of the instruments 
employed in their measurement: plastic tell-tales, and metal discs/vernier calliper 
combinations. No trends were apparent in the data. Details concerning the location and 
orientation of all the crack gauges/discs is not available; only those gauges/discs on the 
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second and third floors, whose details are known with some certainty and locations as 
shown in Figure 10.5.8, have been considered in this interpretation. 
Overall, the damage was categorised by the JLEP as 'slight'{BRE, 1995). 
Analysis and interpretation of the various monitoring data compiled for the LBPO 
corroborate this classification. 
10.5.3 Summary 
The composition of London Bridge Post Office, an irregular rectangle in plan with 
longitudinal aspect ratios of the order of three times that transversely, together with its 
structural form, load-bearing brickwork superstructure supported by a raft foundation, 
implies a relatively more flexible response along the length of the building footprint than 
across it. The three metre thick raft foundation suggests relatively rigid behaviour 
overall. 
In practice, London Bridge Post Office responded to the ground movements 
caused by the sub-surface excavations in an essentially rigid manner over its length, 
tilting southeastwards overall. Such overall behaviour is consistent with the nature of the 
structure's foundation. On completion of underground construction, measured 
settlement varied between 25 and 30 mm at the western end of the structure to in 
excess of 60 mm at its eastern end. As would be expected, those precise level 
monitoring points situated closest to the major underground excavations exhibited the 
greatest settlements. Based on the precision level data collated for the area 
immediately surrounding LBPO, it is likely that the Post Office building experienced 
greatest settlement at its SE corner. Data recorded around the perimeter of the building 
itself are inconclusive as monitoring on the southwest-facing facade ceased in May 1997 
before the end of construction. At this time, the measurements for monitoring points, 
nos. 1766 and Z4, were similar. 
Overall, the damage incurred as a result of the construction of the sub-surface 
works in the vicinity, was categorised by the JLEP as 'slight'{BRE, 1995). The slopes 
determined for the facades of this building are consistent with such a damage category. 
The cracking recorded was concentrated in the stairwell of the eastern wing of the 
building, adjacent to the slender 'nib'and the junction with the Southwark Cathedral 
Chapter House. 
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No correction has been made for the influence of any historical subsidence on 
the building. The influence of such movements, resulting from past sub-surface 
construction in the vicinity, was quantified through the compilation of a stringline survey 
(Taylor et al., 2002). It was concluded that pre-JLEP, the building tilted towards 
Borough High Street. This is not unexpected given the close proximity of the Northern, 
and City & South London Railway underground lines to the building. It was assumed in 
these investigations that the original building lines would have been approximately 
horizontal. 
10.6 Conclusions 
The most significant aspects of building behaviour observed during the 
construction of London Bridge underground station on the JLE, for those case history 
buildings situated along London Bridge Street and the London Bridge Post Office to the 
west, have been presented in this chapter. These observations have been summarised 
at the end of each section above. In the following paragraphs overall conclusions are 
presented for the case histories discussed in this chapter. 
The salient deformation parameters evaluated for each of these buildings 
together with those others at London Bridge under investigation in this research 
programme are summarised in Tables 12.1,12.2 and 12.3. The anticipated 
movements, building slopes and potential damage category are presented in Table 8.2 
of Chapter 8. These tables indicate that, in all cases, although the maximum recorded 
settlements attributable to volume loss are not insignificant they are considerably less 
than those predicted as are the overall damage levels sustained. The corresponding 
differential movements that were recorded, are also relatively small. 
For each case history building, definite correlations between building response 
and construction activity have been established. The time-line for each building can be 
sub-divided based on particular construction activity and corresponding building 
response. In terms of the absolute settlements measured during underground 
construction, two distinct 'overa//'periods have been identified: that time when 
compensation grouting protective measures were implemented in the vicinity and that 
period when they were not. An abrupt increase in absolute settlement is observed for 
each of the buildings on the cessation of compensation grouting ground treatment 
operations in the vicinity. This is a direct result of the strategy of maintaining 
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movements within absolute limits during much of the time that compensation grouting 
ground treatment operations were active in the area. Greater magnitude settlements 
were generally recorded overall, following the cessation of compensation grouting 
protective measures. Of more importance from a damage perspective are the 
corresponding differential movements. These were little different. The two 'overall' 
periods can be further sub-divided for each building on the basis of construction 
activities in progress in the vicinity and corresponding building response. 
The overall level of damage sustained during underground construction was no 
more than 2, 'slight' {BRE, 1995) for each building. The damage reported to the 
buildings along London Bridge Street generally occurred at the junctions with adjacent 
structures. In certain circumstances, the severity of the damage was greater in the 
interim than at the end of construction. Crack propagation was largely restricted to pre-
existing features; it consisted of movement along actual or 'pseudo'engineered 
construction joints and other lines of discontinuity. In some cases, the magnitudes of 
these movements were in excess of 10 mm. Few of the cracks were subject to 
extended periods of movement; exceptions included the shear cracking observed in the 
eastern stairwell of Fielden House. 
Numerous pre-existing cracks along the interface between the collective 
north-facing, front fagade of Telephone House, The BT Building and Fielden House, and 
the adjacent brickwork arches, which support London Bridge Street, widened during 
underground construction. This movement represents much of the 'damage'that was 
recorded to the buildings on London Bridge Street. This is not damage in the strict 
sense of the BRE classification system, and was not taken into account when 
categorising the actual level of damage sustained by the buildings. Nevertheless, it was 
particularly useful in determining the mode of deformation/behaviour of each building. 
'Rea/'damage included shear cracking at the corners and junctions of walls, ceilings and 
door frames as well as in stairwells, where typical crack widths were less than 2 mm. 
The interface between the collective facade and the brickwork arches also 
represents the northern limit of the compensation grouting ground treatment zone in this 
area. Although active grout ports straddled the interface between the buildings and the 
arches along London Bridge Street, the overlap was insufficient to prevent significant 
differential movement occurring along this structural discontinuity. This case highlights 
the importance of identifying the limits of structural continuity/discontinuity when 
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assigning ground treatment zones. 
Wliere it has been possible to deduce the in-plane horizontal strain, the 
magnitude is generally less than 500 microstrain, the value of limiting tensile strain 
delineating damage categories 0 and 1, 'negligible' and 'very slight' {Boscard'm & 
Cording, 1989). Based on the observations made during this research programme, 
there is no tendency for the horizontal strains to increase with increasing height, 
suggesting that the buildings are deforming in shear rather than bending. This was the 
case for both a modern reinforced concrete framed building with piled foundation, and 
an older building consisting of load-bearing brickwork walls founded on strip footings, 
both of which exhibited a relatively flexible response overall. 
The phenomenon of twist has been observed where the data have allowed. The 
compensation grouting protective measures together with the respective locations and 
sequencing of the various sub-surface works beneath the buildings have largely 
mitigated the potentially adverse effects of this phenomenon. 
The protective measures applied, incorporating a combination of permeation and 
compensation grouting ground treatment works, helped to control and limit the 
deformations to the buildings. The corrective nature of much of their application resulted 
in some damage being more severe in the interim than at the end of construction. 
Compensation grouting can be particularly effective in controlling relative displacements 
if an appropriate strategy is applied, for example that adopted at the BT Building and 
Fielden House at the beginning of 1996. These case histories highlight both the benefits 
of considering an area and the buildings within it as a whole, in relation to the sub-
surface works that are to constructed, when developing a compensation grouting 
strategy, and the adverse effects that can occur when buildings are considered 
independently. 
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Chapter 11-
St Thomas Street 
11.1 Introduction 
The behaviour of four buildings situated directly above the JLE London Bridge 
underground station, between July 1994 and July 1997, when these structures were 
affected by the construction of the underground station, is the subject of this chapter. 
The four buildings, which flank the northern side of St Thomas Street and are shown in 
Figure 11.1.1, are Alam House, The Southwark Cathedral Chapter House, Collegiate 
House and Mary Sheridan House. The progressive response of each building is 
discussed in relation to the monitoring data as well as the various construction activities 
and associated ground treatment operations. Reference is made, where appropriate, to 
adjacent structures, for example LBPO, No. 19a Borough High Street, to highlight 
specific points concerning building behaviour. For brevity, the discussion concentrates 
on those periods when activities had a significant impact on the behaviour of the 
particular building under consideration; only the most noteworthy aspects of the 
observed building response are discussed in detail. 
The JLE London Bridge underground station complex comprises numerous 
tunnels, shafts and declines. The individual buildings above the station complex were 
only affected significantly by the construction of specific sub-surface structures and only 
these are referred to in the subsequent commentaries on the behaviour of each building. 
Section 6.2 of Chapter 6 gives a general description of the various tunnelling methods, 
excavation sequences, progress and overall timing of events during the construction of 
the underground station complex; the progress of the more significant tunnels and shafts 
that form the underground station are presented graphically in Figures 6.8 & 6.9, and 
6.11 & 6.12. Both permeation and compensation grouting ground treatment works were 
undertaken during underground construction at London Bridge. Section 6.3 of Chapter 
6 includes detailed descriptions of the facilities used and procedures adopted during 
these ground treatment operations as well as their respective durations. At London 
Bridge several forms of monitoring were employed to assess the response of the various 
surface buildings to the tunnelling-induced ground subsidence; these are summarised in 
Table 7.1 of Chapter 7, for the case history buildings under investigation. 
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In Chapter 9, the overall surface settlement response to the construction of JLE 
London Bridge underground station has been characterised. The precise level 
monitoring data has been assessed in relation to the various construction activities and 
their progression. Settlement development is largely as expected given the construction 
sequencing and protective measures applied. In general, the distribution of the recorded 
settlements corresponds with the locations of the various sub-surface structures; the 
greatest values were measured over the tunnels, settlements decreasing with increasing 
distance away from underground structures. Both compensation grouting, where 
undertaken, and the presence of relatively stiff structures at the surface have reduced 
and modified the magnitude and distribution of the observed settlements. 
Aiam House is a modern reinforced concrete framed building, which is 
understood to have a raft foundation. In contrast, the remaining three buildings under 
consideration in this chapter are largely of the order of 300 years old, dating from the 
period when the site formed part of St Thomas's Hospital; all have superstructures that 
essentially comprise load-bearing brick walls. The foundations of the former chapel to 
the church of St Thomas are thought to consist of simple 'rubb/e'footings, which support 
the overlying barrel-vaulted cellar, as are those of the adjacent bell tower; collectively 
these structures form what is referred to as the Southwark Cathedral Chapter House. 
The foundations may, in part, be those of the previous church that occupied the site. 
The foundations of Collegiate House are similar, there being a barrel-vaulted cellar to 
this building also. Parts of the adjacent Mary Sheridan House were underpinned during 
an extensive refurbishment of this group of buildings during the late 1970s; a number of 
the existing brickwork strip footings were underpinned by reinforced concrete footings. It 
is understood that the footings not underpinned at this time remain the original. All four 
buildings are founded on the Terrace Gravels. 
All the buildings at London Bridge under consideration in this thesis are 
described in detail in Chapter 8 together with a description of the area in general and 
the relationships of the various buildings to it. For the buildings on the north side of St 
Thomas Street, the relative age of the majority of the structures is the most significant 
aspect. The ground and groundwater conditions in the area have been discussed in 
relation to the underground works in Chapters 5 and 6. 
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As noted at the beginning of Chapter 10, the locations of some of the precise 
level monitoring points are known with less certainty than others. A commentary on the 
limitations of the precise levelling data collated at London Bridge in relation to 
subsequent building deformation parameter determinations is given in Sub-section 
7.3.1.5 of Chapter 7. Additionally, it should be noted that the use of terms such as 'rigid' 
and 'flexible'm this chapter in relation to the settlement profiles are largely for descriptive 
purposes; they do not necessarily imply the nature of any structural behaviour exhibited 
by the building. 
11.2 Alam House 
As shown in Figure 11.2.1 the excavations that were made in the vicinity of Alam 
House during the JLEP included the two station tunnels, the Interlocking Machine Room 
tunnel, the western ventilation tunnel, the central concourse tunnel, and the western 
escalator shaft. With the exception of the IMR tunnel, which was driven in a northerly 
direction, these tunnels were driven in an essentially easterly direction; both pilot tunnels 
and corresponding enlargements, where appropriate. The axis of the eastbound 
running/station tunnel crosses beneath the northwestern corner of Alam House. 
Excavation of this tunnel stopped on 6 April 1995 at approximately chainage 1178 m, 
close to the western end of the building, for a period of about two months, prior to the 
commencement of the station pilot tunnel works. Excavation resumed on 6 June 1995. 
The junction between eastbound running and station tunnels, as well as that with 
the IMR and western ventilation tunnels, is located immediately to the west of the NW 
corner of Alam House. Together, they form a complex intersection of large diameter 
sub-surface structures. The IMR tunnel is situated adjacent to the SW corner of the 
building while the western ventilation tunnel is located to the north of the opposite NW 
corner. The western escalator shaft and Lower Machine Chamber, cross beneath the 
southern, front half of the building footprint at a skew angle of approximately 12° to the 
southwest-facing front facade, tending towards a parallel alignment. The Terrace 
Gravels and other surficial soils in the vicinity of the western escalator shaft were subject 
to permeation grouting ground treatment in advance of tunnel excavation (see Sub-
section 6.3.1.1 of Chapter 6 for details). 
Although the station concourse tunnel is situated to the east of Alam House, the 
temporary works access tunnel, which facilitated its construction, passed directly 
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beneath the Alam House building footprint (see Figure 6.11(a)), on a similar alignment 
to the western escalator shaft and LMC, the eastern end of the tunnel ultimately being 
incorporated into the LMC. Another temporary wort(s sub-surface structure, the St 
Thomas Street grouting adit, which is shown in Figure 6.33, passed beneath and 
immediately to the south of the front facade of Alam House. This adit completed the 
rectangular TAM arrangement employed at London Bridge; the compensation grouting 
gallery occupied much of its length adjacent to Alam House. The adit and adjacent 
TAIVIs were backfilled towards the end of construction to enable construction of the 
western escalator shaft. 
As shown in Figure 11.2.2, compensation grouting TAIVIs extend beneath the 
building footprint of Alam House from the northbound tunnel of the former City and 
South London Railway under Borough High Street, and the grouting adit beneath St 
Thomas Street. Only those TAIVIs and active grout ports, in the immediate vicinity of the 
building are shown on this figure for clarity. Grout injections were made below this 
structure between January 1995 and August 1996, with approximately 224 m^ of grout 
being injected through the TAIVIs into the London Clay beneath the building in a series of 
77 episodes; about 143 m^in 44 episodes between 20 January and 19 December 1995, 
and approximately 80 m^in 33 episodes between 4 January and 12 August 1996. A 
grouting episode is as defined in Section 4.4.2 of Chapter 4. 
The daily and corresponding cumulative volumes of grout injected are presented 
in relation to the building specific construction/monitoring sequence for Alam House in 
Figure 11.2.3 for all TAMs, and the C- and Phase 1 T-Series TAIVIs separately. The 
building specific construction/monitoring sequence, incorporating all the appropriate 
excavation phases and ground treatment episodes, is summarised in Figure 11.2.4; the 
numbers given in this figure to the various construction-monitoring periods correspond 
with those included on subsequent figures. For each building, the specific 
construction/monitoring sequence was determined based on an assessment of 
excavation face location for each sub-surface structure, on-going ground treatment 
operations, the associated monitoring results and corresponding building response. 
As shown in Figure 11.2.3, the total daily volume of grout injected varies from 
approximately 200 litres to in excess of 5000 litres for the Phase 1 T-Series TAMs and 
from about 300 litres to in excess of 3000 litres for the C-Series TAMs. For both 
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individual TAM Series as well as overall, the plots of the cumulative volume of grout 
injected have stepped profiles. Of the pauses in grout injection, the more significant 
include the pause in grout injection through the C-Series TAMs at the western end of the 
building footprint, from the end of Period 7 until the end of Period 8. A shorter pause in 
grout injection is apparent during the second half of Period 8 for the corresponding 
Phase 1 T-Series TAMs. The relative area! distribution of grout injected into the London 
Clay beneath the building footprint during the ground treatment operations is presented 
as a contour plot of grout intensity in Figure 11.2.5. The focal point for grout injection 
above this part of the underground station is the single-storey annex to the bell tower of 
the Southwark Cathedral Chapter House, adjacent to the SE corner of Alam House (see 
Sub-section 11.3 below for further details); in excess of 900 litres of grout per square 
metre was injected beneath this structure. Consequently, grout injection beneath Alam 
House is concentrated towards this corner of the building footprint. In general, greater 
quantities of grout were injected beneath the eastern half of the building footprint than 
the corresponding western half, as were greater quantities injected beneath the southern 
half than the corresponding northern half, grout injection intensities varying both along 
and across the footprint. This was largely due to the juxtaposition of the stiffer elements 
of the structure, the lift shaft and stairwell, and the temporary works access tunnel that 
facilitated construction of the station concourse tunnel beneath Alam House (see Figure 
6.11(a)). 
A description of the fabric and structure of Alam House is given in Section 8.3.2 
of Chapter 8. It is understood that the building was not subject to any specific 
strengthening measures in advance of the JLEP. Alam House has a length-to-breadth 
ratio of essentially 3, length-to-height ratio of no more than 2, and a corresponding 
breadth-to-height ratio of approximately 0.6. The geometrical details of the case history 
buildings are summarised in Table 8.1 of Chapter 8. The building height of 14 m (Mott 
MacDonald, 1992) has been taken as the distance from ground level on St Thomas 
Street to the top of the fourth floor level. The single storey basement has not been 
included. 
The locations of the various monitoring points and instrumentation installed at 
Alam House are shown in Figures 11.2.6 and 11.2.7: precision level monitoring sockets 
and electrolevel beam strings, which facilitated real-time monitoring of building 
movement during compensation grouting ground treatment operations. Limited crack 
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monitoring was undeMaken witliin this building, the results of which are considered to be 
within the accuracy of the measuring device employed. As a result no further details are 
given herein. Precision levelling was undertaken by both the contractor and the 
research team at Alam House; separate monitoring points were used. Where access 
was difficult, i.e. in the basement area between Alam House and London Bridge Post 
Office, etched steel plates, which facilitate remote observation, replaced the standard 
precision level monitoring socket. 
11.2.1 Observed Behaviour 
The response of Alam House to the underground works is described with regard 
to the various monitoring techniques employed and subsequent data collated in the 
following sub-sections. 
11.2.1.1 Time-settlement response 
In this sub-section the behaviour of individual precision level monitoring points 
over time, will be described. Frequent reference will be made to the underground works 
shown in Figure 11.2.1 during this description. The time-vertical displacement curves 
for monitoring points, nos. 1719, 1722 and Z6, which are located at the SW, SE and NE 
corners of Alam House, as shown in Figure 11.2.6, are presented in Figure 11.2.8; the 
building specific construction/monitoring sequence is superimposed upon this profile. A 
displaced origin approach has been adopted in the presentation of these time-vertical 
displacement curves: the actual values of vertical displacement recorded for monitoring 
point, no. 1719, have been plotted, while those of monitoring points, nos. 1722 and Z6, 
have been offset from the observed values by -25 mm and -50 mm, respectively. 
As shown in Figure 11.2.8, the time-settlement profiles for monitoring points, 
nos.1719 and 1722, which are situated at the western and eastern ends of the front, 
southwest-facing longitudinal facade of the building respectively, are generally similar in 
nature and magnitude up until Period 11. Apart from in Period 8, when grout jacking lifts 
the eastern end of the building, monitoring point, no.1722, exhibits greater downward 
vertical displacement, reflecting the areal distribution of the underground works in 
relation to the building footprint. The impact of this grout jacking is accentuated, as 
shown in Figure 11.2.3, by the accompanying pause in grout injection beneath the 
opposite western end of the footprint at this time. In the lead-up to the cessation of 
compensation grouting, and the completion of the concourse tunnel enlargement, in 
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Periods 11 and 12, monitoring point, no.1722, undergoes rapid downward vertical 
movement, of the order of 15 mm. In contrast, monitoring point, no.1719, exhibits little 
reaction to the enlargement of the concourse pilot tunnel in Period 11. Although some 
grout jacking is evident in the immediate aftermath of concourse tunnel enlargement, at 
the beginning of Period 12, the initial differential apparent between these monitoring 
points at the end of Period 11 is soon re-established. This differential is maintained 
throughout the remainder of underground construction, the gradients of the time-
settlement profiles being very similar. 
The time-settlement profiles for monitoring points, nos. 1722 and Z6, are 
generally similar in nature throughout underground construction. The settlement 'steps' 
associated with the excavation of the concourse pilot tunnel and subsequent 
enlargement in Periods 9 and 11, when of the order of 10 mm and between 15 and 20 
mm downward vertical displacement is recorded respectively, are evident in both curves. 
The imposition of compensation grouting episodes upon the time-settlement profiles 
results in deviation from such behaviour, for example during Period 7. Until the 
cessation of compensation grouting in Period 12, a differential is maintained directed 
towards St Thomas Street. Following the termination of this protective measure in the 
vicinity both the nature and magnitude of the time-displacement curves become very 
similar, remaining so until the end of underground construction. 
Of interest is the heave recorded at monitoring point, no. 1719, in July 1997; 
similar magnitude and nature movement was recorded by the research team at an 
equivalent monitoring point on the facade. The reason for this behaviour is unclear. A 
possible although unlikely explanation is that it may be in response to the backfilling of 
the C-Series TAMs, which traverse this part of the building footprint. It has not been 
possible to establish when these TAMs were decommissioned although potential conflict 
with excavation of the western escalator shaft would suggest that decommissioning 
predates this time. Alternatively, the relatively rigid nature of the building response 
overall, could have induced heave at the western end of the building with rotation about 
a pivot point to the east. Although the data for monitoring point, no. Z6, partially support 
such a postulate, the absence of data and an apparent subsidence-inducing 
construction activity for the period in question leave this postulate unsubstantiated. 
11.2.1.2 Longitudinal Facade Profiles 
The behaviour of the southwest-facing longitudinal facade of Alam House is 
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described in this sub-section. Profiles of the changes in level of the monitoring points 
located on this facade are presented in Figure 11.2.9. The portions of the profiles 
represented by a dotted line at the western end of the facade indicates the relative 
movement of monitoring point, no. 1430, on the adjacent building, No.21 Borough High 
Street. Insufficient monitoring points were located along the northeast-facing 
longitudinal facade to enable profiles to be compiled; the measurements made by the 
electrolevel beams along this facade were found on data reduction to be unsatisfactory. 
Each profile shows the change in level plotted against the distance from the SW 
corner of the building; a similar convention has been adopted for the other case study 
buildings considered in this chapter. As far as possible consistent sets of data have 
been plotted on these profiles, in some cases, however, it has been necessary to 
combine data from different dates. The profile at the end of the previous period 
presented, is usually plotted to highlight any changes in the intervening time. Only that 
number of measured profiles sufficient to illustrate the point being made are presented. 
The profiles presented in Figures 11.2.9(a) & 11.2.9(b), for 
construction/monitoring periods 7 and 8, are also considered representative of those of 
Periods 1 to 6, when tunnelling-induced ground subsidence was mitigated by 
compensation grouting episodes. They have been preferred to the earlier periods as the 
corresponding electrolevel beam dataset only includes measurements from the second 
half of Period 6 onwards (see Sub-section 11.2.1.4 below). The set of profiles 
presented in Figure 11.2.9(a) relate to Period 7, when the enlargements to both station 
tunnels were in progress and the I MR tunnel was driven (see Figure 11.2.1); a relatively 
rigid response longitudinally, is indicated by the profiles. During this period the western 
end of the facade is lifted by grout jacking on several occasions. By the end of the 
period subsidence is largely uniform along the facade. 
In Figure 11.2.9(b), profiles representative of the behaviour exhibited by the 
longitudinal facade in Period 8 are presented. As discussed in Section 11.2.1.1 above, 
this is the only period when tilt is directed towards the western end of the building. It 
occurs during February and March 1996 in the absence of compensation grouting in the 
vicinity; grout injection continued beneath the eastern end of the facade at this time. 
The facade responds relatively rigidly throughout. 
-332-
Chapter 11: St Thomas Street 
The profiles presented in Figure 11.2.9(c) are for Period 11, when the concourse 
tunnel enlargement works took place. The profiles suggest that the facade is rotating 
about a point to the west of the building; an easterly tilt being indicated. A similar 
response was observed during the earlier pilot tunnel excavations. This behaviour is 
consistent with that exhibited by the adjacent LBPO, which also has a raft foundation. 
Movements of a more uniform nature are indicated by the profiles shown in 
Figure 11.2.9(d) for Period 12; an easterly-orientated tilt is maintained. As shown in 
Figures 11.2.3 & 11.2.7 an initial heave is indicated as the final compensation grouting 
episodes were undertaken in the vicinity. 
The profiles representative of Period 13, which are presented in Figure 
11.2.9(e), are similar in nature to those of Period 12. Excavation of the western 
escalator shaft beneath, and approximately parallel to, the facade was such that 
consolidation settlement dominates the response of the facade at this time. There is a 
suggestion of a slight easterly tilt in the interim as the excavation face of the escalator 
shaft passes beneath the SE corner of Alam House. Overall, the facade profiles 
suggest that a relatively rigid response was exhibited throughout underground 
construction in the longitudinal plane. 
11.2.1.3 Distortion 
In this sub-section distortions are considered locally and globally in terms of 
slope. The variation in slope with time exhibited by spans along the southwest-facing, 
front and the southeast-facing, gable-end facade are presented in Figures 11.2.10(a) & 
11.2.10(b), respectively. For the longitudinal plane, slope is considered in an easterly 
direction; negative slope indicates an easterly tilt. Slope is considered in a southerly 
direction for the transverse plane; negative slope indicates a southerly tilt. 
The variation in slope for the spans along the front facade are, within the 
accuracy of the measurements, similar, varying essentially between +0.5 and -1.0 
mm/m. Negative slope predominates while positive slope correlates with grout jacking 
episodes (see Sub-section 11.2.1.1 above). The side facade slopes also generally vary 
between +0.5 and -1.0 mm/m. A southerly tilt is indicated by the data during much of 
the construction works. In the latter stages of underground construction, however, the 
slope essentially returns to its null point. The variation in transverse slope along the 
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length of the building footprint is discussed below in Sub-section 11.2.1.4. The 
variation in slope for both the facades is shown in Figure 11.2.10 (c); the data suggests 
a twisting, racking mode of deformation three-dimensionally. This aspect is discussed 
below in Sub-section 11.2.1.6. 
As shown in Figure 11.2.11, global behaviour was also deduced through 
deflection ratio over the entire length of the front, southwest-facing facade. In a similar 
manner to slope, deflection ratio has been considered in an easterly direction; positive 
deflection ratio indicates a hogging mode of deformation. It can be seen from Figure 
11.2.11, that the magnitude of deflection ratio is generally small throughout underground 
construction. A hogging form of deformation is evident in response to compensation 
grouting episodes between Periods 7 and 10, during which time the station tunnel 
enlargements were completed. 
11.2.1.4 Cross Wall Profiles 
In this sub-section, the nature of the transverse response of Alam House is 
discussed. It is considered through the behaviour of the electrolevel beam strings 
installed in this plane of the building, as shown in Figure 11.2.7, together with the 
precision levelling data. In this direction, across the building footprint, the geometry and 
structural form of Alam House, imply a relatively stiff response, similar to that exhibited 
by the corresponding longitudinal facade. 
Several strings of electrolevel beams were installed at Alam House; the D-Series 
string traverses the centre of the building footprint, coincident with cross walls and 
dividing the basement in two. A largely continuous sequence of data is available from 1 
August 1995 until 11 September 1996. Data is not available for the initial period of 
underground construction; by the time the data starts several excavation phases and 
compensation grouting episodes had taken place in the area. 
Profiles of relative vertical displacement for this transverse electrolevel beam 
string are shown in Figure 11.2.12 for the same periods as the longitudinal, southwest-
facing facade profiles, which are presented in Figure 11.2.9. The profiles indicate that, 
transversely, Alam House responded in a relatively rigid manner to the various 
excavation and ground treatment episodes; a slight sag to the profile is indicated 
throughout. The data suggest that at this location the northeast-facing facade 
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experiences greater relative downward vertical displacement throughout. 
The B-Series electrolevei beam string was located on the outside of the 
southeast-facing, gable-end wall of Alam House (see Figure 11.2.7). On reduction, the 
data recorded by the middle of the three beams in this string was found to be unreliable. 
The data recorded by the electrolevels in the beams which flanked this instrument are 
considered reliable; it correlates approximately with the adjacent precision levelling. The 
data suggests a similar, relatively rigid response as that indicated by the D-Series 
electrolevel beam string to the west. 
For comparative purposes, linearly varying behaviour has been assumed 
between the two precise level monitoring points, nos. 1722 and Z6, at this end of the 
building footprint (see Figure 11.2.6). The corresponding profiles of relative vertical 
displacement are shown in Figure 11.2.13, for the same periods as the D-Series 
electrolevel beam string presented in Figure 11.2.12. At this location, the southwest-
facing facade exhibits greater relative downward vertical movement. This suggests that 
the eastern half of the building is undergoing a twisting, racking type of deformation; this 
aspect is discussed in Sub-section 11.2.1.5. 
The magnitude of the relative vertical movements is greatest adjacent to the 
underground works in progress, throughout the monitoring period, decreasing with 
increasing distance from the works. By the end of real-time monitoring the relative 
vertical displacements are close to the origin. 
11.2.1.5 Twist 
In this sub-section, the twisting mode of deformation exhibited by the building 
footprint is discussed. As shown in Figure 11.2.9, the precision level measurements 
made along the front, southwest-facing longitudinal facade of Alam House indicate a 
relatively stiff response for this plane of the building footprint. The corresponding 
transverse behaviour deduced from a combination of electrolevel beam and precision 
level measurements, which is shown in Figures 11.2.12 and 11.2.13, is also relatively 
stiff in nature. The variation in the magnitude of the movements in these planes is such 
that, when considered together, a twisting, racking mode of deformation is apparent 
along the length of the building footprint, increasing in an easterly direction towards the 
focus of underground construction. The overall response is one of a torsional 
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movement. This phemonenon is transient in nature and coincides with the station and 
concourse tunnel excavations. The phenomenon is absent in later periods. The skew 
angles of the tunnels relative to the building footprint would have exacerbated this type 
of response. The configuration of the data is such that twist can only be partially 
quantified. 
11.2.2 Damage Recorded 
The only damage reported within Alam House during the JLEP consisted of 
cracking located in the stairwell and lift shaft in the SW corner of the building footprint. 
On inspection it was concluded that the damage pre-dated the JLEP; subsequent crack 
monitoring showed movement to be within the accuracy of the measuring devices in use. 
Overall, the damage was classified by the JLEP as 'negligible', category 0 (BRE, 1995). 
Interestingly, no damage was reported where twist is considered greatest. 
11.2.3 Summary 
The salient aspects of the response of Alam House to the JLEP sub-surface 
works have been presented in the above sub-sections. The geometry of this reinforced 
concrete framed structure, a regular rectangle in plan, with longitudinal aspect ratio three 
times that transversely, suggests a stiffer response would be exhibited across the 
building footprint than along its length. The nature of the foundation, a reinforced 
concrete raft, implies that a relatively rigid response would be displayed throughout; the 
application of compensation grouting protective measures beneath the building footprint 
at strategic times and locations, could aid such a response. 
In practice, Alam House responded to the tunnelling-induced ground subsidence 
and associated grout-induced heave as anticipated, essentially undergoing settlement 
and tilt, in both longitudinal and transverse planes, directed to the east and south 
respectively. The maximum settlement was measured in the SE corner of the building 
footprint, adjacent to the single-storey annex to the bell tower of the Southwark 
Cathedral Chapter House. The settlements measured during underground construction 
varied from approximately 36 mm at the western end of the southwest-facing, front 
facade of the structure to almost 60 mm at the opposite eastern end. The 
corresponding maximum slope recorded was equivalent to -1 mm/m (i.e. 1 in 1000); it 
was orientated downwards and to the east, towards the underground station complex. 
Small hogging and sagging distortions were noted in the longitudinal and transverse 
planes, respectively. Twist of the building has also been captured. 
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The permeation grouting undertaken in the vicinity is considered to have 
stiffened a zone of the Terrace Gravels adjacent to the Borough High Street Ticket Hall, 
at the top of the western escalator shaft and beneath the SW corner of Alam House. 
This ground treatment would have helped to limit surface settlement beneath this end of 
the building. The configuration of the building at this location, with stairwell and lift shaft, 
would also have contributed to such a response. In addition, compensation grouting 
was effective in controlling the tilt of the building. As a result of the control achieved 
during the grouting operations and the building's rigidity, the relatively large total and 
differential settlements essentially caused no damage. The nature of the building 
response and the configuration of the buildings in the immediate vicinity, i.e. the general 
absence of abutting structures in the direction of underground construction, has resulted 
in 'negligible' damage, being recorded. 
11.3 The Southwark Cathedral Chapter House 
The Southwark Cathedral Chapter House, which is shown graphically in relation 
to the underground works in Figure 11.3.1 and pictured in Plate 8.3, comprises a bell 
tower with single-storey ground floor annex, and adjoining chapel. The superstructures 
of both the tower and chapel hall generally consist of load-bearing brick walls. The 
length-to-breadth ratio of the chapel is approximately 1.3, while the corresponding 
length-to-height and breadth-to-height ratios are about 1.2 and 0.9 respectively. The 
building height of 15 m has been taken as the distance from existing ground level to 
parapet level. The bell tower is square in plan and has a length/breadth-to-height ratio 
of approximately 4.3; the height of the bell tower, 26 m, has been taken as the distance 
from existing ground level to the roof of the tower. 
The substructure and foundations of the Chapter House are complex. As shown 
in Figure 8.18(a), there is an extensive barrel-vaulted crypt below the chapel hall, which 
appears to extend beneath the western flank of Collegiate House, under what was 
originally the Porters Lodge (see Sub-section 8.3.3.1 of Chapter 8 for further details). 
Historical records indicate that the chapel and bell tower were constructed between 1700 
and 1702, and the Treasurers House (now the eastern half of Collegiate House) was 
built some time after, in 1704. It is not known exactly when the Porters Lodge was 
constructed, although it is considered most likely to have been between 1702 and 1704. 
Figure 8.18(a), indicates quite different basement configurations for each building. 
Although there are barrelled-vaults beneath both the chapel hall and Porters Lodge, 
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which are connected, the axes of the chapel hall vaults are aligned perpendicular to that 
of the Porters Lodge. This is consistent with the geometry of the original buildings. An 
approximately two metre thick 'wall', below what was the side entrance to St Thomas's 
Hospital appears to divide the Porters Lodge vault from the basement of the Treasurers 
House. It is understood that this basement is not barrel-vaulted. Thus, it is possible that 
the Chapter House substructure forms the western flank of that to Collegiate House; this 
will have implications for building behaviour. The foundations of both the bell tower and 
chapel are thought to consist of simple 'mbb/e'footings, one to two hundred millimetres 
deep. In the latter case, the footings support the overlying barrel-vaulted crypt. It is 
assumed that the founding levels of both the bell tower and undercroft are similar. 
Evidence will be presented subsequently that indicates the bell tower and chapel are not 
structurally connected and that they form a 'pset/ofo'construction joint at their junction. 
As shown in Figure 11.3.1, the bell tower is situated directly above the junction 
between the western escalator shaft/LMC and the concourse tunnel of the JLE London 
Bridge underground station, while the chapel is located directly above the western end of 
the concourse tunnel. The concourse tunnel traverses the building footprint of the 
chapel on a skew angle of approximately 22° to the southwest-facing, front facade. The 
east- and westbound running/station tunnels flank the concourse tunnel on a similar 
alignment; these tunnels pass beneath the NW and SB corners of the chapel building 
footprint, respectively. Cross passages linking the station tunnels to the concourse are 
also located beneath the building footprint of the chapel to the Chapter House. The 
western escalator shaft is situated immediately to the west of the chapel building 
footprint, while the JLE/NL interchange passage is located immediately to its east. The 
St Thomas Street temporary works grouting adit, which is shown in Figure 11.3.2(c), is 
situated to the south of the bell tower; the grouting gallery extends along the front, 
southwest-facing facade of the chapel, crossing over the westbound station tunnel at a 
skew angle of about 48° to the axis of that tunnel. 
The TAMs for compensation grouting protective measures purposes, which are 
shown in Figure 11.3.2, extend beneath the building footprint of the Chapter House from 
two directions: the V-Series from London Bridge Street to the north, and the T-Series 
from St Thomas Street to the south. The V-Series and Phase I T-Series TAMs were 
installed in advance of tunnelling in the vicinity while the Phase II T-Series TAMs were 
installed after excavation had commenced in the area. The Phase II T-Series TAMs 
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replaced V-Series TAMs rendered inoperable by ttie underground works (see Section 
6.3.2 of Chapter 6 for further details). Grout injections associated with these protective 
measures were made below the structure between May 1995 and August 1996. About 
277 m^ of grout was injected through the TAMs in the vicinity of the building during this 
approximately 16-month period; almost 149 m® was injected between 15 May and 22 
December 1995 and about 128 m® was injected between 4 January and 12 August 1996, 
in a series of 51 episodes, 28 during 1995 and 23 in 1996. 
In Figure 11.3.3, the daily and corresponding cumulative volumes of grout 
injected into the London Clay beneath the Chapter House from the various TAM Series 
are presented in relation to the building specific construction/monitoring sequence. The 
various excavation phases and ground treatment episodes undertaken in the vicinity of 
the building are summarised in relation to the monitoring data in Figure 11.3.4; the 
numbers given in this figure to the various construction/monitoring periods correspond 
with those given on subsequent building movement plots and referred to herein. The 
various stages indicated in the construction/monitoring sequence for the JLE/NL 
interchange passage do not necessarily correlate with those referred to in Chapter 6; 
the current stages are building specific. The total daily volume of grout injected varies 
from 150 litres to in excess of 5500 litres. Several pauses in grout injection are evident 
from Figure 11.3.3; the majority of these pauses coincide with periods of little activity. 
The relative areal distribution of grout injected into the London Clay beneath the building 
footprint during the ground treatment operations is presented as a contour plot of grout 
intensity in Figure 11.3.5. The focal point for grout injection is the single-storey annex to 
the bell tower; in excess of 900 litres of grout per square metre were injected beneath 
this structure. It is evident from Figure 11.3.5 that significantly greater quantities of 
grout were injected beneath the bell tower (and single-storey annex) than the chapel. 
With regard to the chapel itself, greater emphasis was given, in terms of grout injection, 
to the southern half of the footprint; grout intensities vary from less than 50 to 100 litres 
per square metre in the northern half of the footprint and from about 100 litres per 
square metre to in excess of 400 litres per square metre in the corresponding southern 
half. 
As summarised in Table 7.1 of Chapter 7, several forms of monitoring were 
implemented at the Chapter House during underground construction in the vicinity; these 
are shown in Figures 11.3.6 to 11.3.11. Precision levelling of monitoring points 
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positioned around the perimeter of the building (see Figure 11.3.6), total station 
surveying of 'pseuc/o'plumblines on adjacent faces of the bell tower (see Figure 11.3.9), 
and the monitoring of the more significant cracks that developed (see Figure 11.3.10), 
were all carried out. In addition, real-time monitoring of building movement throughout 
the footprint during the compensation grouting ground treatment operations, employing 
strings of electrovel beams as shown in Figure 11.3.7, was undertaken. The relative 
movement of the walls of the chapel was also monitored, employing tensioned wire 
extensometers (see Figure 11.3.11). Temperature and strain measurements were 
made on the tie rods, which had been installed at several levels around the bell tower as 
a strengthening measure (see Sub-section 8.5.1 of Chapter 8 for further details) and 
are shown in Figure 11.3.8. With the exception of the electrolevel beams, monitoring 
continued into the long term, post-construction. Where access was difficult, etched steel 
plates, which facilitate remote observation, replaced the standard precision level 
monitoring socket (see Figure 11.3.6); such remote observation results in a reduction in 
the accuracy of the measurements made (see Sub-section 7.3.1 of Chapter 7 for 
details). 
The structure and fabric of the Southwark Cathedral Chapter House as well as 
details of corresponding pre-construction condition and structural surveys are described 
in Sub-section 8.3.3 of Chapter 8. In addition, a description of the strengthening 
works, which were undertaken to the bell tower and chapel buildings in advance of 
underground construction in the vicinity, is given in Sub-section 8.5.1. 
11.3.1 Observed Behaviour 
In the following sub-sections the response of both the bell tower and chapel of 
the Southwark Cathedral Chapter House, to the underground works is described with 
regard to the various monitoring techniques employed and subsequent data collated. 
The bell tower and chapel hall are considered individually in the first instance, before 
being considered collectively. 
For the buildings under consideration in this thesis, and the bell tower of the 
Southwark Cathedral Chapter House in particular, there are a number of background 
factors, which could have a quantifiable effect on the observed behaviour Interpreted; 
these include temperature, thermal radiation, tides and groundwater. Temperature 
changes will cause expansion and contraction of the tower. Such phenomenon will be 
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exacerbated by any differential temperatures generated across the tower; thermal 
radiation can be a significant source of such variations. Potentially, changes in the 
water level of the River Thames could induce movements in the adjacent ground. A 
change in water level in the river could affect the corresponding groundwater level in the 
Terrace Gravels. Thus cyclical movements of the ground, and any structures founded 
upon it, may be induced as a result of a varying depth of water. 
In the case of the Chapter House bell tower, its location, in a dense urban 
environment, over 120 m from the River Thames, is likely to result in daily temperature 
and tidal variations being kept to a minimum. It has not been possible to verify these 
assumptions as the appropriate data has not been made available. Harris (1998) has 
shown that the diurnal variation in the tilt of St Stephens clock tower, which is 
approximately 60 m from the River Thames at Westminster, is related to thermal 
radiation (i.e. direct sunlight) and tidal variation. However, he concluded that there was 
no evidence to suggest that the diurnal movements significantly modified the overall rate 
of increase in tilt of the tower observed during construction of the JLE in the vicinity, nor, 
conversely, that the construction-induced movements had affected the diurnal variations. 
Additionally, external strapping, consisting of tie-rods as shown in Figure 11.3.8, 
was applied at several levels, and to all elevations, up the tower, as a protective 
measure, in advance of the underground works (see Sub-section 8.5.1 of Chapter 8 for 
further details). The imposition of these strengthening measures is likely to have 
Influenced the subsequent behaviour of the tower to the sub-surface works, much more 
than any ambient environmental features. An initial tension equivalent to 1000 tonnes 
was applied to each rod. The variation with time of the temperature of, and strain 
developed along each tie was monitored throughout the construction period and into the 
long term. The ties were re-tensioned on several occasions during the monitoring 
period. Only a limited amount of data has been made available to the research 
programme; readings for the period from 1 June 1995 until 16 October 1997. The data 
largely comprises daily readings. These readings are not consistent; measurements 
made in both the morning and afternoon are represented in the dataset. Despite these 
shortcomings, the data provides an overall picture of the behaviour of the external 
strapping and thus the bell tower. 
The strains deduced for those tie-rods on the northeast-facing elevation of the 
tower together with the corresponding temperatures recorded are presented in Figure 
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11.3.12. A structural engineering sign convention has been adopted throughout, i.e. 
positive values relate to extension. The data has been corrected for thermal effects on 
the vibrating wire strain gauges. The strain profiles indicate that the movements of the 
tie-rods were largely seasonal in nature. The maximum extension recorded is 
associated with the corresponding summer peak in temperature. Conversely, 
contraction is greatest during the drop in temperature over the winter months. The 
magnitudes of the strains measured generally varied between +400 and -100 
microstrain; the corresponding amplitude of seasonal variation typically varied between 
200 and 300 microstrain. Superimposed upon this overall behaviour, is the response of 
the tie-rods to the tunnelling-induced ground subsidence and associated grout-induced 
heave; tensile strains of the order of +100 microstrain are attributable to these 
Influences. Based on the above, it is concluded that the bell tower responded largely in 
rigid-body motion to the sub-surface works. 
11.3.1.1 Time-settlement response 
In this sub-section the behaviour over time of individual precision level monitoring 
points installed around the perimeter of the Southwark Cathedral Chapter House are 
described. Frequent reference is made to the underground works shown in Figure 
11.3.1 during this description. A displaced origin approach has been adopted in the 
presentation of these time-vertical displacement curves. The building specific 
construction/monitoring sequence for the Chapter House is superimposed upon these 
time-settlement profiles. The selection of the monitoring points was based on their 
position within the building footprint, relative proximity to the sub-surface infrastructure, 
and the corresponding damage recorded during underground construction in the vicinity. 
11.3.1.1.1 Bell Tower 
The time-vertical displacement curves for monitoring points, nos. 1727 and Z2, 
which are located within the external elevations of the bell tower, in the diagonally 
opposite, SE and NW corners (see Figure 11.3.6), are presented in Figure 11.3.13. In 
this figure, the actual values of vertical displacement recorded for monitoring points, nos. 
1727 and Z2, have been offset from the observed values by -25 and -50 mm 
respectively. 
The time-settlement curves for monitoring points, nos. 1727 and 72, are 
generally similar In nature during underground construction; greater magnitude 
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movements are recorded at monitoring point, no. 1727, throughout. The latter feature 
may be due, in part, to the reduced accuracy attainable with steel rulers generally, and 
particular logistical difficulties experienced when taking measurements at monitoring 
point, no. Z2 (see Sub-section 7.3.1 of Chapter 7 for further details). A settlement of 
approximately 5 mm, is evident in the time-vertical displacement profiles of both 
monitoring points in Period 4, corresponding to the passage of the excavation faces of 
the station tunnel pilots in the vicinity (see Figure 11.3.1). This downward vertical 
movement is corrected soon thereafter through the application of compensation grouting 
ground treatment. Between Periods 5 and 9, settlement increases in an essentially 
uniform manner at monitoring point, no. 1727, a further 10-15 mm downward vertical 
displacement being recorded; subtle troughs and peaks corresponding to tunnelling-
induced subsidence and grout-induced heave are superimposed upon this overall 
profile. Monitoring point, no. 1727, exhibits a slightly greater rate of settlement over this 
time. 
As shown in Figure 11.3.13, a pronounced downward vertical movement of 
approximately 10 mm, was recorded for both points during the first part of Period 10, In 
response to the passage of the excavation face of the concourse pilot tunnel beneath 
the bell tower (see Figure 11.3.1); this was corrected, in part, soon thereafter on the 
application of further compensation grouting in the area. The most significant 
subsidence observed for both monitoring points during underground construction, was 
recorded in Period 12, when the concourse pilot tunnel was enlarged. These 
excavations coincided with the cessation of compensation grouting protective measures 
in the vicinity. Of the order of 25 to 30 mm of downward vertical displacement was 
recorded in the first half of this period at these monitoring points; a pause in movement 
was observed in the second half of the period. Thereafter, monitoring point, no. Z2. 
experiences settlement of a progressively decreasing rate, with a further 20 mm of 
downward vertical movement being recorded. A series of subtle downward 'steps'are 
evident in the corresponding time-vertical displacement profile for monitoring point, no. 
1727: at the end of Periods 12 and 13, midway through Period 14, and at the end of 
Period 15/beginning of Period 16. Settlements of the order of 5 mm, 5 mm, 5 to 10 mm 
and 5 mm were recorded at these times, respectively. Thereafter, monitoring point, no. 
1727, experiences settlement of a progressively decreasing rate, with less than 5 mm 
being observed in the remaining period of underground construction. 
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11.3.1.1.2 Chapel 
The time-settlement profiles for monitoring points, nos. 1729 and 1702, which, as 
shown in Figure 11.3.6, are located in the diagonally-opposite, SW and NE corners of 
the southwest- and northeast-facing facades of the chapel, respectively, are presented 
in Figure 11.3.14, together with those of monitoring points, nos. 1727 and Z2, on the 
adjacent bell tower. Monitoring points, nos. Z2 and 1702, comprised etched steel plates 
while monitoring points, nos. 1727 and 1729, consisted of the conventional socket and 
bolt arrangement. The actual values of vertical displacement observed for monitoring 
point, no. 1729, are presented in this figure, while those of monitoring points, nos. 1702, 
1727 and Z2 are offset from the measured values by +25 mm, -25 mm and -50 mm 
respectively. The form of the time-settlement curves for both points on the chapel are 
generally similar in nature during underground construction; the downward vertical 
displacement measured at monitoring point, no. 1729 is greater throughout. 
Peaks and troughs corresponding to excavation phases and compensation 
grouting episodes are particularly evident in the time-vertical displacement curve for 
monitoring point, no. 1702. Peaks occur at the end of Period 3/beginning of Period 4, at 
the end of Period 6, in the middle of Period 9 and in Periods 10 and 11, in response to 
the excavation of the station tunnel pilots and subsequent enlargements, and in advance 
of, and following, the excavation of the concourse pilot tunnel beneath the building 
footprint. Heaves of 10 mm, 5 to 10 mm, 5 to 10 mm and 5 mm respectively are 
recorded. Grout-induced peaks are far less prominent in the time-settlement profile for 
monitoring point, no. 1729. Peaks are only evident at the end of Period 3/beginning of 
Period 4, and in Period 11. In both cases heaves of the order of 5 mm are recorded. 
Similar to monitoring points, nos. 22 and 1727, on the bell tower, both these 
monitoring points experience the most significant subsidence in Period 12 during the 
enlargement of the station concourse pilot tunnel. Between 30 and 35 mm of downward 
vertical displacement is recorded at these points as the excavation face passes directly 
below the chapel building footprint. Thereafter, the time-settlement profiles differ in 
nature. The time-vertical displacement curve for monitoring point, no. 1729, is similar to 
that of monitoring point, no. 1727, which is situated adjacent to it on the bell tower. The 
same series of subtle 'steps'is evident in the profile. 
In contrast, monitoring point, no. 1702, experiences settlement of a progressively 
decreasing rate from the latter part of Period 12 until the middle of Period 15, a further 
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10 mm of settlement being recorded. A further, pronounced downward vertical 
displacement of the order of 20 mm is recorded at this monitoring point in the second 
half of Period 15, corresponding to the formation of the various pilot headings for the 
JLE/NL interchange passage above the eastbound station and concourse tunnels, 
immediately to the east of the Chapter House. The other monitoring points situated 
around the perimeter of the bell tower and chapel discussed in this sub-section exhibit 
little response to these sub-surface works. Thereafter, the magnitude and nature of the 
time-settlement curves for both monitoring points are generally similar, downward 
vertical movement of a progressively decreasing rate is observed. 
11.3.1.2 Distortion 
In this sub-section distortions are considered locally in terms of slope for both the 
bell tower and chapel. Slope is considered in an easterly direction longitudinally; 
negative slope indicates an easterly tilt. In the transverse, north-south plane, slope is 
considered in a southerly direction; negative slope indicates a southerly tilt. 
Behaviour in the global sense is considered in terms of deflection ratio. The 
geometrical nature of the Southwark Cathedral Chapter House, and the associated 
distribution of precision level monitoring points around its perimeter as well as the overall 
structural form of the collective longitudinal, southwest-facing facade, comprising it and 
the adjacent Collegiate and Mary Sheridan Houses are such that when considering 
distortion in terms of relative deflection it is more appropriate to consider the overall 
longitudinal facade. This collective front facade is discussed in Sub-sections 11.4.1.2 
and 11.4.1.3 below. The relative configurations of the rear facades of these buildings 
together with uncertainties concerning the locations of some of the precision level 
monitoring points, has precluded the compilation of corresponding rear longitudinal 
facade profiles. 
11.3.1.2.1 Bell Tower 
The tilt of the bell tower has been deduced from several forms of measurement; 
the results of total station surveying to retro-reflective targets affixed to the top and 
bottom of the tower, 'pseudo'plumblines, precision levelling of monitoring sockets 
installed at the base of the tower, and strings of horizontal electrolevel beams on the 
walls of the tower. Only the precision levelling and total station surveying data are 
presented herein; the electrolevel data has been used to corroborate these 
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measurements. The relative in-plane horizontal displacements between the pairs of 
retro-reflective targets located at the top and bottom of the southwest- and southeast-
facing elevations of the bell tower (see Figure 11.3.9) have been determined. By the 
time monitoring had commenced in this manner, excavation of the westbound station 
pilot tunnel and several compensation grouting episodes had taken place in the vicinity. 
The relative in-plane horizontal movements measured along the NorthNorthEast-
SouthSouthWest plane are plotted against those of the corresponding orthogonal 
WestNorthWest-EastSouthEast plane in Figure 11.3.15. NNE and ESE movements are 
positive; a similar sign convention is adopted for the calculation of the corresponding 
tilts. The movements in both planes are generally within the range ±10 mm. 
The corresponding variation with time of the relative in-plane horizontal 
movements for those pairs of retro-reflective targets affixed to the southwest-facing, 
front facade of the tower are shown in Figure 11.3.16 together with the associated 
compensation grouting data. The relative in-plane horizontal movements measured 
during underground construction vary essentially between -10 mm and +15 mm. In 
general, the relative in-plane horizontal movements have an ESE orientation. This 
pattern of behaviour is reversed on two occasions: during the excavation of the 
concourse tunnel, and in particular the formation of the temporary works access adit 
from the IMR tunnel, and towards the end of construction with the excavation of the 
western escalator shaft to the west of the bell tower. The incremental changes in 
movement recorded during the concourse tunnel works are about 15 mm and 20 mm in 
WNW and ESE directions respectively, while those measured during the formation of 
the western escalator shaft are of the order of 5 mm in a WNW direction. At the end of 
construction, in the summer of 1997, the relative in-plane horizontal movement for the 
retro-reflective targets affixed to the southwest-facing, front elevation of the tower is 
approximately +10 mm in an ESE direction; it continues to decrease post-construction, 
approaching +5 mm by October 1997. Monitoring in this manner ceased soon 
thereafter. 
The corresponding data for those targets affixed to the southeast-facing 
elevation of the tower are presented in Figure 11.3.17; the typical response of the 
southwest-facing facade has been included on this figure for comparative purposes. For 
this elevation of the tower, a SSW trending orientation predominates in the observed 
relative in-plane horizontal displacements. Only during the excavation of the concourse 
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pilot tunnel and subsequent enlargement does the pattern change significantly with a 
temporary reversal to a NNE trending orientation. Incremental in-plane horizontal 
movements of the order of 15 mm are recorded during formation of this tunnel as the 
tower moves back and forth in response to the passage of the excavation face below. 
The relative in-plane horizontal movements measured during underground construction 
generally vary between -10 mm and +5 mm. By the end of underground construction, 
relative in-plane horizontal movement of the order of 10 mm in a SSW-trending direction 
has been recorded; this changes little in the three months post-construction. The 
resultant movement of the bell tower is in a generally east-west direction, diagonally 
across the building footprint, corresponding approximately with the alignment of the axes 
of the station and concourse tunnels. The corresponding movements of the cracks at the 
junction between the bell tower and chapel reflect the behaviour of the 'pseudo' 
plumblines. 
In Figure 11.3.18, the responses of the 'pseudo' plumblines to the various works 
associated with the formation of the concourse tunnel are shown in detail together with 
the progress of the various elements of these works. The times at which the respective 
excavation faces first pass beneath the bell tower are indicated on the figure. The 
compensation grouting ground treatment operations carried out in the vicinity at this time 
are also included in this figure. The corresponding grout intensity contour plot, showing 
the relative a real distribution of the grout injected into the ground is given in Figure 
11.3.19. Reversals in orientation of the relative in-plane horizontal movements are 
evident in both planes. The reversals are caused by the particular juxtaposition of the 
bell tower in relation to both the temporary and permanent works for the concourse 
tunnel. 
In Figure 11.3.20, the corresponding tilts, determined from the relative in-plane 
horizontal movements for the southwest-facing facade of the bell tower, are shown 
together with those determined from the precision levelling undertaken to this elevation 
of the tower. There is relatively good agreement between the two forms of monitoring 
given the relative nature of the former data. The values of tilt determined from the 
precision levelling results display greater variance than those deduced from the total 
station surveying. This is considered to reflect, in part, the greater frequency of 
monitoring in this manner, coupled with the compensation grouting strategy adopted. 
The tilts generally vary between ±0.6 mm/m with peaks and troughs in the profiles 
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reflecting tlie a real distribution of the various excavation and grouting episodes in 
progress in the vicinity. The magnitude and orientation of the tilt changes much more 
dramatically when work commences on the concourse tunnel in Period 10. The tilt 
subsequently increases from about -0.2 mm/m (equivalent to 1 in 5000) to approximately 
+0.6 mm/m by the beginning of Period 12. Between Periods 12 and 14, the tilt reverses 
orientation, becoming equal to almost -0.8 mm/m (1 in 1250) before decreasing to -0.4 
mm/m (1 in 2500) by the end of construction. By the end of monitoring, tilt is of the 
order of -0.2 mm/m. 
11.3.1.2.2 Chapel 
The variation in slope with time exhibited by the southwest-facing, front facade of 
the Chapter House chapel determined from the precision levelling data is presented in 
Figure 11.3.21. The slopes determined along both front facades represent an overall 
measure of the distortion, essentially rigid behaviour having been assumed in their 
determination. It should be noted, however, that limited data from an electrolevel beam 
string along the front facade of the chapel suggests a more flexible response to occur 
during formation of the station tunnel pilots (see Sub-section 11.3.1.3 below). The 
compensation grouting data associated with the structure is also shown on the figure. 
The nature and magnitude of the slopes that develop along the front facade of the 
chapel are similar to those of the corresponding elevation of the bell tower until the end 
of construction-monitoring Period 11. Thereafter, while the overall nature of the profiles 
is broadly similar, their magnitudes and orientation are not. 
In Period 12, the enlargement to the concourse pilot tunnel is undertaken in the 
vicinity. At this time, compensation grouting ground treatment operations also cease in 
the area. These opposing factors have a significant influence on the subsequent 
behaviour of the chapel facade. The part of the building time-line covering the 
excavation and subsequent enlargement to the concourse pilot tunnel is shown in detail 
in Figure 11.3.22. Peaks in slope are evident for both the chapel and tower facades 
during the enlargement of the station concourse tunnel pilot. In recognition of the 
juxtaposition of each facade in relation to the concourse tunnel, there is a lapse between 
the development of ESE tilt on the respective elevations; the greater amount of time 
required to form the enlarged tunnel section is also a factor in this respect. The 
difference in magnitude of the tilts along each facade is also a reflection of the areal 
distribution of the concourse tunnel in relation to the overlying surface structures. Tilt of 
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the order of +0.6 mm/m (1 in 1667) maximum is observed for the southwest-facing 
facade of the bell tower, while a maximum tilt of approximately 1.5 mm/m (1 in 667) is 
recorded for the corresponding facade of the chapel. These tilts reduce to about -0.5 
and +0.5 mm/m (1 in 2000) respectively with the passage of the excavation face of the 
concourse tunnel enlargement works to the east of the building footprint. Thereafter, the 
tilts remain relatively stable at about these values generally. The grout intensity plot for 
Period 12 is shown in Figure 11.3.23; grout injection is concentrated beneath the Alam 
House building footprint, immediately to the west of the Southwark Cathedral Chapter 
House. 
In the summer of 1996, extensometers were installed at high level within the 
chapel hall to monitor the response of the walls to the remaining sub-surface works that 
were to be carried out beneath the building footprint, namely the enlargement of the 
concourse tunnel pilot. Four tensioned wire transducers were installed as shown in 
Figure 11.3.11. The corresponding movements observed are presented in Figures 
11.3.24 and 11.3.25. The same presentational format has been adopted in both figures: 
the upper graph illustrates the daily and cumulative variation in grout injection beneath 
the building footprint while the lower graph shows the changes in length recorded for the 
extensometers together with the corresponding temperature measured. The 
construction-monitoring periods are superimposed upon both plots. The behaviour of 
extensometers, nos. HD1 and HD4, which are located at the western and eastern ends 
of the chapel hall respectively, and measure the change in distance between the 
southwest- and northeast-facing facades of the building, are presented in Figure 
11.3.24. Although the operation of the central heating system influences the 
temperatures recorded within the chapel, an overall seasonal trend is evident. 
Extensometers, nos. HD1 and HD4, which are orientated perpendicular to the chapel 
facades, record significant contraction, of approximately 14 and 10 mm respectively, 
during the enlargement of the concourse tunnel pilot. During the remaining period of 
underground construction the movements observed vary within narrow ranges about 
these values. 
The response of extensometers, nos. HD2 and HD3, which traverse the cracking 
in the chapel ceiling adjacent to the junction with the bell tower, are shown in Figure 
11.3.25. Extensometer, no. HD2, is affixed to each of the gable-end walls of the chapel 
and measures the change in longitudinal distance between them. Extensometer, no. 
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HD3, is attached to the adjacent walls of the chapel hall, and is aligned at an angle of 
about 70° to the northeast-facing facade. Although of different orientation, both 
extensometers record contraction of the order of 10 mm in response to the enlargement 
of the concourse tunnel pilot. Thereafter, and into the long term, post-construction, 
further contraction, also of the order of 10 mm, is indicated by both extensometers. The 
continued contraction recorded by these instruments may be indicative of movement 
along the cracks they traverse. Movements measured by the extensometers post-
construction, contrary to the seasonal and ambient thermal conditions pertaining, is 
considered to be in response to corresponding movement along adjacent cracks. 
In Figure 11.3.26, the period during which the concourse pilot tunnel is enlarged, 
is shown in detail. The format of the figure is as that for the previous two figures. The 
progress of the enlargement works is shown on the figure. All four instruments exhibit 
generally similar behaviour. The data recorded by extensometer, no. HD1, has a 
'stepped' profile; the pause in movement appears to coincide with a compensation 
grouting episode. A similar pause is noted in the profile compiled by the adjacent 
extensometer, no. HD3. The influence of the operation of the central heating system on 
the temperatures and thus the movements recorded is evident in the data for Period 14. 
11.3.1.3 Behaviour in real-time 
In this sub-section, the detailed nature of the response of the Southwark 
Cathedral Chapter House in both transverse and longitudinal directions is considered 
through the behaviour of the electrolevel beam strings installed in these planes of the 
building. As shown in Figure 11.3.7, several strings of electrolevel beams were installed 
at basement and ground floor levels throughout the Chapter House and adjacent 
Collegiate House to monitor the real-time movements observed during the compensation 
grouting ground treatment operations in the vicinity. With the exception of the month of 
January 1996, a largely continuous sequence of data is available for the 15-month 
period from 14 June 1995 until 11 September 1996. Data is not available for the initial 
period of underground construction; several excavation operations and compensation 
grouting episodes had taken place in the area prior to the commencement of the 
dataset. 
In general, the periods during which excavation of the concourse pilot tunnel and 
its subsequent enlargement took place have been preferred, when presenting the 
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electrolevel data, as they relate to periods when compensation grouting protective 
measures were being applied less frequently, and the corresponding vertical movements 
induced by the sub-surface works significant. Each profile shows the relative vertical 
displacement plotted against the distance along the electrolevel string; negative relative 
vertical displacement indicates downward movement of the electrolevel beam in relation 
to its starting point, which is considered fixed in relative terms. As far as possible 
consistent sets of data have been plotted on these profiles; the dates correspond with 
those adopted for the collective southwest-facing, longitudinal facade discussed in Sub-
section 11.4.1.2. 
The performance of the electrolevel beam strings in the longitudinal direction is 
disappointing. After about 3 months of monitoring they become unstable, and the data 
recorded is at variance with that determined from the precision levelling. Representative 
relative vertical displacement profiles for the A- and B-Series electrolevel beam strings, 
which are situated, as shown in Figure 11.3.7, on the southwest- and northeast-facing 
longitudinal facades of the Chapter House chapel, are presented in Figure 11.3.27 for 
the period during which the station tunnel pilots were formed. Relative vertical 
movement within a narrow range, of a few millimetres, is indicated by the profiles for 
both facades. Sagging and hogging is evident within the rear facade profiles. Although 
indicating movements of a similar overall magnitude it is difficult to be conclusive about 
the corresponding front facade profiles. In contrast to the behaviour anticipated, given 
the nature of the substructure, a relatively flexible response is suggested by the data. 
Interestingly, if the electrolevel beam string is considered in terms of those lengths 
installed internally and externally along the facade, together with the horizontal building 
movement noted previously, where the rear wall of the chapel abuts the LBPO, relatively 
rigid behaviour may be concluded. 
As shown in Figure 11.3.7, three electrolevel beam strings were installed in the 
transverse direction, across the building footprints of the Chapter House and Collegiate 
House: at the western and eastern ends of the structures and the junction between them 
- the C-, D- and E-Series. The D- and E-Series electrolevel strings have been reduced; 
incomplete base data preclude the reduction of the C-Series data. Profiles of relative 
vertical displacement are shown in Figure 11.3.28, during the excavation of the 
concourse pilot tunnel and Its subsequent enlargement for both the E- and D-Series 
electrolevel beam strings. 
-351-
Chapter 11: St Thomas Street 
The data for the E-Series string, which are presented in Figures 11.3.28(a) & 
(b), indicate that, at the junction between the Chapter House and Collegiate House, i.e. 
beneath the Porters Lodge vault, a relatively rigid response was displayed to the various 
excavation phases and ground treatment episodes undertaken during the formation of 
the concourse tunnel. In general, incremental relative movements lie within a 5 mm 
range during both the excavation of the concourse pilot tunnel and its subsequent 
enlargement; the profiles rise and fall in response to the passage of the excavation face. 
The response of the last electrolevel in the string is at variance with the behaviour of the 
others. A pre-existing sub-vertical crack is situated in the SE corner of the chapel hall 
adjacent to this electrolevel beam. During the concourse tunnel works, the crack 
opened by a maximum of approximately 1.4 mm. Overall, the data suggests that at this 
location the Chapter House is tilting towards St Thomas Street. The corresponding data 
for the D-Series string is discussed in Sub-section 11.4.1.4. 
11.3.2 Damage Recorded 
In the following sub-sections the more significant damage that was observed 
throughout the Southwark Cathedral Chapter House during the construction of the 
underground station is described, in chronological order, correlating, as far as possible, 
construction activities with the onset and propagation of cracking, and, in particular, the 
relative locations and orientations of the cracks. A comprehensive list of references, 
which detail all the damage reported to these buildings, is given in Appendix G. The 
corresponding sections for subsequent case history buildings in this chapter take a 
similar approach. 
Details of the structural protective measures implemented as construction 
progressed in the vicinity are also given in the following text, as appropriate; those 
measures implemented in advance are detailed in Sub-section 8.5.1 of Chapter 8. In 
general, the provision of protective measures over and above those installed in advance 
of underground construction, resulted from specific incidents of 'damage'occurring, and 
was provided largely to reassure the building owners/occupiers rather than out of a 
particular engineering necessity, the buildings being considered structurally sound 
throughout the sub-surface works. The measures implemented usually related to the 
protection of brittle, decorative finishes, for example the plaster rosettes of the cornice in 
the chapel hall. 
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During the JLEP pre-construction surveys of the Chapter House, much pre-
existing cracking was evident throughout both the bell tower and chapel. The finishes, 
some of which are particularly brittle, had been subject to deterioration. This is to be 
expected for buildings of this age and is indicative of the ageing process. The 
corresponding structural integrity of the buildings, however, had not been compromised. 
The pre-construction condition of the structure is summarised in Sub-section 8.3.3.2 of 
Chapter 8. 
The damage that was recorded within the Chapter House during the construction 
of JLE London Bridge underground station, the locations of the most significant of which 
are shown in Figure 11.3.29, and illustrated in Plates 11.1 to 11.22, was generally 
superficial in nature. Overall, the damage was categorised by the JLEP as 'slight (BRE, 
1995), although category 3, 'moderate', damage was recorded locally. 
The associated crack monitoring data, has to be considered within the following 
constraints. Measurements are unlikely to have been made at the same time on each 
occasion the crack gauges were monitored during underground construction given all 
the other construction-related commitments of the contractor as well as the access 
restrictions imposed by the building owners. Another feature of the crack monitoring 
strategy adopted at London Bridge, which has had a significant influence on subsequent 
analysis and interpretation, is its reactive nature; movement had resumed on most 
cracks before monitoring commenced and thus all measurements presented herein 
relate to relative movements. 
In addition to any externally-induced movements, such as tunnelling-induced 
ground subsidence, crack width responds to changes in the temperature of the material 
through which the crack has formed; expanding and contracting in response to 
corresponding increases and decreases in temperature. Thus the thermal properties of 
the material in which the crack has formed exert significant influence over any 
measurements subsequently made. For external cracks, environmental factors, such as 
exposure to wind, rain and sunshine are also influential factors. At London Bridge, 
temperatures were generally not recorded during crack monitoring and thus corrections 
for any thermally-induced effects cannot be attempted. Moreover, where temperature 
data has been compiled, for example associated with the monitoring of the relative 
movement of the chapel walls, it is subject to additional external influence. In the case 
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of the chapel hall, the operation of the central heating system affected the temperatures 
recorded. Of more significance, and impossible to accurately account for, is the 
potential influence of the exact sequencing of the compensation grouting ground 
treatment operations. 
The pattern of cracking and the distribution of movement between different 
cracks are also significant factors. Movements rarely occur on a single crack. It is 
common for there to be a main crack and a number of subsidiary, sub-parallel cracks, 
for example in the ceilings of the crypt and chapel hall of the Chapter House. The 
particular response of an individual crack within a pattern may vary by a factor of several 
times. At one level movement may be accommodated by two or more cracks within the 
group, whereas in a different location or at another level the movement may be 
concentrated along a single crack. Inevitably, the resumption of movement along pre-
existing cracks can also result in the formation of new cracks. 
11.3.2.1 Bell Tower 
The sub-vertical cracks between openings noted on all four elevations and at all 
three levels of the bell tower during the pre-construction condition and structural surveys 
of the property (see Sub-section 8.2.5.6.2) were monitored at selected locations during 
the works (see Figure 11.3.10(c) and Plate 11.2). External strapping of these lines of 
weakness had been undertaken in advance of the underground works (see Sub-
sections 8.5.1 and 11.3.1 for further details). Notwithstanding this restraint, significant 
movements were recorded along some of these cracks. The most significant relative 
movements, in excess of 2 mm in some cases, were associated with the pre-existing, 
internal sub-vertical cracks on opposing northeast- and southwest-facing elevations of 
the tower; these cracks were typically up to 10 mm in width although some were of the 
order of 30 mm wide locally. Elsewhere, relative crack movements were generally of the 
order of ±0.5 mm maximum, i.e. not much more than the accuracy of the instruments in 
use. 
The variation in relative movement with time is shown in Figure 11.3.30 for the 
sub-vertical cracks at second and third floor levels, nos. CHBT12 and CHBT7 
respectively, within the northeast-facing elevation of the tower. Positive relative crack 
movement indicates an opening of the crack. In addition to the construction-monitoring 
periods identified for the structure, the progress of the excavation faces of both the east-
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and westbound station tunnel enlargements are also shown in the bottom half of this 
figure as are typical variations in strain recorded for the tie-rods in this part of the tower. 
The daily and cumulative volumes of grout injected beneath the building footprint are 
also given in Figure 11.3.30. The figure demonstrates that the cracks open in response 
to the passage of the excavation faces in the vicinity of the bell tower and close following 
particular compensation grouting episodes. Relative crack movements of the order of 
one millimetre were recorded. Once the excavation faces pass to the east of the tower, 
relative crack movements assume a more seasonal variation similar to that exhibited by 
the tie-rods. 
The variation in relative movement for the cracks monitored at first floor level on 
the southwest-facing elevation, cracks, nos. CHBT1 and CHBT3, are shown, employing 
a similar format, in Figure 11.3.31. The response of these cracks over time is generally 
similar to those on the northeast-facing facade, albeit the magnitudes are less, being 
generally no more than one millimetre. These cracks do not respond markedly to the 
passage of the excavation face of the concourse tunnel enlargement. The pre-existing 
cracks that were monitored on the northwest- and southeast-facing elevations of the bell 
tower during the JLEP, did not exhibit such consistent trends in behaviour; incremental 
relative movements were typically in the range ±0.2 mm, i.e. within the accuracy of the 
measuring devices being used. 
Externally, a sub-vertical crack was observed at the re-entrant angle between the 
northeast-facing, rear wall of the tower and the northwest-facing, side wall of the chapel 
(see Figure 11.3.10(c)). The crack was several millimetres wide and did not appear to 
have been freshly formed. The appearance of this crack suggests that there is no bond 
between the brickwork of the tower and that of the chapel, i.e. they are separate, 
independent structures. To accommodate the spiral staircase, this corner of the tower 
forms an irregularly-shaped rectangle in plan; the corresponding building stiffness of this 
corner is affected accordingly. 
Internally, as shown in Figure 11.3.10(b), cracking at the corresponding junction 
between the northwest corner of the tower and the southwest corner of the chapel, was 
also observed during underground construction. A full-height crack, running from the 
chapel crypt through the hall to the ceiling over the Old Operating Theatre Museum in 
the loft above, was noted in the internal plaster finishes (see Plates, Nos. 11.3,11.4, 
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11.6,11.7 and 11.10). This crack is considered to be linl<ed to that observed externally. 
The behaviour of this crack is discussed in detail in the following sub-section. 
When inspected in April 1996, pre-existing cracks, first noted when the buildings 
were surveyed in 1994, at the opposite junction between the chapel and bell tower, the 
interface between the southwest-facing, front facade of the chapel and the southeast-
facing wall of the bell tower, did not appear to have changed aspect significantly as a 
result of the sub-surface works. Evidence of differential settlement was less apparent 
here. 
Overall, the bell tower sustained damage of less than category 2. Differential 
settlement between it and the chapel, and the adjacent single-storey annexe, gave rise 
to minor problems with features such as door closure, during underground construction. 
For reassurance purposes, window and door openings were framed and braced with 
hardwood following the completion of the works. 
11.3.2.2 Chapel 
Within the chapel the damage that was observed during the underground works 
is concentrated in a number of areas, including the southwest corner of the building, at 
the junction between the chapel and bell tower; the northeastern corner of the building, 
adjacent to Collegiate House; and the ceilings of the undercroft and chapel hall. In most 
cases cracking was related to the resumption of movement along pre-existing defects 
and confined largely to the finishes, and, in particular, brittle, ornate decorative features 
such as the plaster rosettes of the cornices (see Plate 11.17). Much of the damage 
occurred in 1997, towards the end of, and, in some cases, following completion of 
underground construction in the vicinity, some time after most of the significant large-
diameter tunnels had been formed. 
The full-height crack shown in part in Plates, Nos. 11.3,11.4,11.6,11.7 and 
11.10, running from the chapel crypt, up through the hall to the ceiling over the Old 
Operating Theatre Museum in the loft above, was noted in the internal plaster finishes at 
the junction between the southwestern corner of the chapel and the northwestern corner 
of the bell tower, on the commencement of tunnelling in the vicinity. In the Old 
Operating Theatre Museum, the crack followed the junction between the inclined ceiling 
and vertical gable-end wall up to the corner of one of the rooflights (see Plates, Nos. 
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11.3 and 11.4). It was possible, in places, to see daylight through the crack. Although 
this cracking had not been identified during pre-construction inspections and surveys, it 
is likely to have been pre-existing, as suggested by the sub-vertical crack observed 
externally at the adjacent re-entrant angle between the chapel and the bell tower (see 
Sub-section 11.3.2.1 above). Resumption of movement along this cracking was 
monitored in several places and in different planes during underground construction; 
downward movement was the predominant mode of movement with little horizontal 
movement evident between the chapel and tower. 
Monitoring data from tell-tales located on the southwest-facing wall of the 
junction on the first floor of the chapel, crack gauges, nos. CHCh2 and CHChS (see 
Plate No. 11.7), are presented in Figure 11.3.32. The format of the figure is similar to 
those presented in Sub-section 11.3.2.1 for the bell tower. Positive relative crack 
movement indicates downward movement of the bell tower relative to the chapel. As 
shown in Figure 11.3.33, the variations in relative movement over time recorded for tell-
tale, no. CHCh1, which is situated in the orthogonal plane of this junction at this level, 
are generally consistent with the variations displayed by crack gauges, nos. CHCh2 and 
CHChS. A tell-tale installed at this junction in the ground floor below, crack gauge, no. 
CHCh12, which is also shown in Figure 11.3.33, exhibited similar behaviour. The 
behaviour of these cracks over time, is indicative of the behaviour of the bell tower 
relative to the chapel; a shearing mode of deformation is suggested, consistent with the 
structural discontinuity present. During the enlargements of the station tunnel pilots in 
construction-monitoring Period 6, the data indicates that the tower moves down by some 
2.5 mm relative to the chapel; this relative movement is corrected through compensation 
grouting by the end of the period. In the subsequent Periods, 7 to 9, the crack 
monitoring data suggests that the bell tower resumes downward movement relative to 
the chapel, a differential of just over 4 mm is observed in the first half of Period 9. 
During the remainder of Period 9 and in Period 10, with the excavation of the station 
concourse pilot tunnel, the orientation of the relative movement is reversed with the 
cracks indicating that the chapel has moved downwards relative to the bell tower by a 
maximum of the order of 3 mm. The magnitude of this differential reduces in Period 12, 
the enlargement of the concourse pilot tunnel occurring contemporaneously with the 
cessation of compensation grouting operations in the area at this time. By the Spring of 
1997, the differential suggested by the crack monitoring has reduced to about 1 mm, 
indicating a degree of recovery in the building fabric. Overall, these results demonstrate 
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that shear between the bell tower and the chapel is the dominant mode of deformation, 
and that the chapel and bell tower are separate, independent structures. Temporary 
protection, as shown in Plate No. 11.8, was provided to vulnerable parts of the ceiling 
and the adjacent cornice in this area during February 1996. 
The relative width of the crack in the Old Operating Theatre Museum, was of the 
order of 2 mm in February 1996. A small area of plaster adjacent to the crack at the 
corner of the rooflight subsequently became partially delaminated from its backing. With 
the potential for further pieces of plaster to become detached from the ceiling all loose 
plaster was removed (see Plate No.11.5) and containment mesh installed within the 
affected area during April 1996; the containment arrangement was subsequently 
extended throughout the whole ceiling during November and December 1997. 
Contemporaneously with the cracking in the southwestern corner of the chapel 
hall, cracking was observed in the crypt directly below (see Plates, Nos. 11.10 to 11.13). 
The variation in relative crack width with time recorded for the more significant cracks in 
this location are shown in Figure 11.3.34. 
At the beginning of 1997, a window blind fell from the eastern corner of the 
southwest-facing wall of the chapel hall. Historic dampness had been identified in this 
area during the pre-construction inspections: damp penetration had been evident at high 
level on both southwest- and northeast-facing walls of the chapel hall. In addition, sub-
vertical cracking was noted in the adjacent wall of this corner of the hall (see Plates, 
Nos. 11.14 and 11.15). Subsequent examination of the wall in 1997, revealed the 
plaster in the area of 'damage'to be 'springy' and becoming detached in places. The 
current condition of, and ongoing deterioration to the loose, blown plaster in the vicinity 
was such that it was not possible to rehang the blind. The variation in relative crack 
width with time for the cracking on the adjacent wall during underground construction is 
presented in Figure 11.3.35; monitoring commenced in Period 6. 
This incident is considered to be due largely to longstanding deterioration of the 
plaster finish to the wall and not related primarily to tunnelling-induced ground 
subsidence. It is likely that the blind would have fallen from the wall in the absence of 
underground construction, given sufficient time. This relatively minor incident is an 
example of how ground subsidence can ultimately contribute to the occurrence of 
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building 'damage', although another aspect is the predominant cause, in this case the 
long term deterioration of the building fabric. Much of the other 'damage' that was 
recorded throughout the chapel and bell tower during and following underground 
construction is similarly related, primarily, to the pre-existing nature of the building fabric. 
In the spring of 1997, approximately coincident with the formation of the pilot 
headings for the JLE/NL Interchange Passage, a significant increase in the extent of the 
cracking to the plaster finishes in a number of the internal areas of the chapel was 
recorded; it took the form of a widening and lengthening of existing cracks, as well as 
the formation of new cracks. Cracking, orientated in a northeast-southwest direction 
across the building footprint, was observed in the soffit of the crypt at the beginning of 
March 1997. The widths of these cracks continued to increase before stabilising in May 
1997. At the same time, the existing cracks in the cornices and ceiling at the 
northeastern corner of the chapel hall (see Plates, Nos. 11.16 and 11.17), which are of 
a similar orientation to those observed in the crypt directly below, widened and 
lengthened, and new cracks formed. 
At around about the same time, April 1997, a plaster rosette fell from the centre 
of the eastern wall cornice; both the rosette and the ornamental figure it fell onto were 
damaged in the incident. The rosette had only been glued to the cornice. 
A 'crash-deck' platform was installed at high level in the chapel during August 
1997 (see Plate No.11.22), to capture any falling plaster from the ceiling above. Several 
loosened decorative elements were removed from the cornice for safe-keeping at this 
time; other parts of the cornice were propped to prevent delaminated portions of plaster 
falling onto the crash deck. The platform also facilitated the monitoring of several of the 
cracks in the ceiling; monitoring data is available for the period 12 September 1997 to 30 
June 1999. Prior to the provision of this platform the behaviour of the cracks in the 
ceiling had been monitored through a combination of regular visual inspections and the 
response of tensioned wire extensometers, which had been installed at high level to 
monitor the relative movement between the chapel walls and the adjacent bell tower. 
The configuration of the extensometers was such that the response of the generally 
north-south trending crack at the southwestern corner of the hall, where the bell tower 
abuts the chapel, could be monitored. The behaviour of the extensometers is discussed 
in detail in Sub-section 11.3.1.2.2. 
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Historic building movement was noted as shown in Plates, Nos. 11.18 and 
11.19, where the northeast-facing, rear wall of the chapel abuts the London Bridge Post 
Office; cracking and distortion of the cornice plaster work and past repairs are evident. 
In general, the level of damage sustained within the chapel as a result of the 
JLEP sub-surface works was in the 'slight category. However, significant local damage, 
of category 3, 'moderate', has occurred to particular internal finishes within the chapel, 
for example at the discontinuity between its southwestern corner and the northwestern 
corner of the bell tower (see Plates, Nos. 11.7 and 11.9). 
11.3.3 Summary 
The salient aspects of the response of the Southwark Cathedral Chapter House, 
both bell tower and chapel, to the construction of the JLE London Bridge underground 
station have been presented in the preceding sub-sections. The condition of the 
building fabric of both the tower and chapel prior to the works have had a significant 
influence on the subsequent behaviour of these buildings during underground 
construction and thus the nature of the damage incurred. The structural protective 
measures implemented to the tower in advance of construction, the external strapping, 
have also prejudiced the overall nature of its subsequent response to the sub-surface 
works. 
Overall, the damage observed was categorised as 'slight (BRE, 1995) by the 
JLEP, although category 3, 'moderate', damage was recorded locally. These observed 
levels of damage are cumulative; no allowance has been made for the level of damage 
pertaining prior to commencement of underground construction in the vicinity. Historic 
building movement was noted throughout, for example cracking and distortion of the 
cornice plasterwork was evident where the northeast-facing, rear wall of the chapel 
abuts the London Bridge Post Office. 
The precision levelling data indicate that tunnelling-induced ground subsidence 
varies between approximately 70 and almost 90 mm within the building footprint; the bell 
tower has settled more than the adjacent chapel. The monitoring points adjacent to the 
northeast-southwest trending diagonal have settled more than those elsewhere on the 
perimeter of the structure, indicating a complex three-dimensional distorted shape within 
the chapel building footprint. This response is most likely due to the differing restraint 
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provided to the chapel by adjoining structures, particularly London Bridge Post Office; 
the foundations and load paths within the superstructure of the chapel are unlikely to 
differ greatly between south-facing, front and north-facing, rear facades, thus 
contributing to such behaviour. The time-settlement plots, while illustrating the response 
of the structure to the various construction activities, also indicate the response in 
relation to the progression of these activities; a settlement 'wave' \s apparent in the data. 
They also show that considerable differential settlement developed between the north-
and south-facing facades of the chapel initially. This behaviour was exacerbated by 
periodic over-zealous compensation grouting, which is most evident in the time-
settlement profiles for the rear facade of the chapel. On cessation of compensation 
grouting ground treatment operations, the differential settlement between these facades 
reduces significantly. At the end of the enlargement phase of the concourse tunnel 
excavation, differential settlement between the front and rear facades of the chapel had 
reduced to about 10 mm. By the end of construction almost 12 months later the 
differential had reduced to within the tolerance of the monitoring data. 
As shown in Figure 11.3.5, compensation grouting ground treatment operations 
in the vicinity were focussed beneath the southwest-facing facade of the single-storey 
annex to the bell tower; in excess of 900 litres of grout were injected per square metre 
beneath this part of the structure. Beneath the annex footprint grout intensities varied 
from 400 litres per square metre along the rear, northeast-facing elevation to in excess 
of 900 litres at the opposite facade. With regard to the bell tower, although grout 
injection was biast towards its SW corner, intensities ranged more typically from about 
200 litres per square metre along the rear, northeast-facing wall of the tower to between 
500 and 600 litres per square metre along its front, southwest-facing facade. 
Significantly greater quantities of grout were injected beneath the bell tower (and single-
storey annex) than the adjacent chapel. In the case of the chapel building footprint, 
greater emphasis was given, to the southern half of the footprint, where grout intensities 
vary from about 100 litres per square metre to in excess of 400 litres per square metre. 
In the corresponding northern half of the footprint, grout intensities vary from less than 
50 to 100 litres per square metre. 
The damage recorded within the bell tower largely comprised the resumption of 
movement along the pre-existing sub-vertical cracks between openings noted during the 
earlier defect surveys. It has been demonstrated that the cracks in the northeast- and 
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southwest-facing facades responded to the enlargements to the station and concourse 
tunnels before assuming a more seasonal behavioural pattern. There is a suggestion of 
increasing relative crack movement with height. 
The presence of the external strapping was a significant influence on the overall 
nature of the response of the tower to the sub-surface works. In general, movement 
was approximately uniform with height. The movements are also largely seasonal in 
nature. The magnitudes of the strains measured generally varied between +400 and -
100 microstrain with the corresponding amplitude of seasonal variation ranging from 200 
to 300 microstrain. Superimposed upon this overall behaviour, are tensile strains of the 
order of 100 microstrain attributed to the tunnelling-induced ground subsidence and 
associated grout-induced heave. 
From the determination of the various distortion parameters, and, in particular, 
comparison between the different types of monitoring employed, most notably the 
precision levelling and electrolevel beam strings, the importance of the provision of an 
adequate number of monitoring points through which to describe overall building 
behaviour is evident. The optimum number of sockets will depend on a number of 
factors, including the structural nature of the building, particularly the foundation details, 
and the works to be constructed beneath the building footprint. Ultimately, the 
requirements of the building owners may influence the final arrangement installed. At 
London Bridge, monitoring sockets were installed only at either end of both the front and 
rear facades of the Chapter House chapel, resulting in distances in excess of 10 m 
between adjacent sockets. A rigid response is assumed between adjacent precision 
level sockets when using this data to describe building behaviour; the limited data 
available from the electrolevel beam strings located along both facades suggest a 
relatively flexible response. 
The greater foundation loads of the bell tower have resulted in differential 
settlement between it and the chapel hall; localised damage has occurred to the internal 
finishes at this line of weakness. 
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11.4 Collegiate House 
Collegiate House, which is shown in Figure 11.4.1, is a complex structure. It 
comprises not only the original house of the Treasurer to St Thomas's Hospital and the 
Porters Lodge, which abuts the chapel of the Southwark Cathedral Chapter House, but 
also the later infill between these buildings, as well as several more recent extensions to 
the rear. Internal re-ordering has also occurred, including the addition of a lift shaft. The 
building stiffness will vary accordingly. The superstructure of Collegiate House 
essentially consists of load-bearing brick walls, while the foundations are understood to 
be similar to those of the Southwark Cathedral Chapter House - simple 'mbb/e'footings 
one or two hundred millimetres deep. As discussed in Section 11.3, the basement of 
the Chapter House appears to extend beneath the western flank of Collegiate House. 
In Figure 11.4.1, Collegiate House is shown in relation to the JLE London Bridge 
underground station; it is situated directly below Collegiate House. The concourse 
tunnel traverses diagonally across the building footprint, on a skew angle varying 
between 24° and 25° to the front, southwest-facing facade of Collegiate House. It is 
flanked by the station tunnels on a similar orientation. The separation distances 
between the concourse tunnel and adjacent station tunnels decrease in an easterly 
direction. The JLE/NL interchange passage is aligned at approximately right angles to 
these sub-surface structures, as it passes over the eastbound station tunnel before 
connecting into the concourse tunnel below Collegiate House. Cross-passages, linking 
the east- and westbound station tunnels to the concourse tunnel, flank the building 
footprint. 
As shown in Figure 11.4.2, the compensation grouting TAMs that were installed 
beneath the Collegiate House building footprint extend from two, opposite directions; the 
V-Series from London Bridge Street to the north, and the T-Series from St Thomas 
Street to the south. The V-Series TAMs were installed in advance of underground 
construction. Of the T-Series TAMs, only those of Phase II extend beneath Collegiate 
House; these TAMs were installed as construction progressed, to replace TAMs of the 
V-Series rendered inoperable by the construction works. Grout injections associated 
with these protective measures were undertaken between 16 May 1995 and 3 June 
1996; approximately 136 m® of grout was injected into the London Clay in the vicinity of 
the structure during this approximately 12-month period; about 66 m® between 16 May 
and 19 December 1995 and approximately 70 m^ between 5 January and 3 June 1996, 
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in a series of 40 episodes, 25 during 1995 and 15 in 1996. 
Tine daily and corresponding cumulative quantities of grout injected into the 
ground beneath Collegiate House are shown in Figure 11.4.3 for both TAM Series. The 
data are presented in relation to the building specific construction/monitoring sequence, 
incorporating all the appropriate excavation phases and ground treatment episodes, in 
Figure 11.4.4; the numbers in this figure given to the various construction monitoring 
periods correspond with those referred to in the following text and given on subsequent 
building movement plots. The total daily volume of grout injected varies from less than 
100 litres to almost 4000 litres. A similar number of grout injection pauses to that 
observed in the corresponding plot for the Southwark Cathedral Chapter House (see 
Figure 11.3.3) is evident in this figure. All but one of these pauses coincide with periods 
of little activity. The corresponding relative areal distribution of grout injected into the 
London Clay beneath the building footprint during these ground treatment operations is 
presented as a contour plot of grout intensity in Figure 11.4.5. Intensities vary from less 
than 50 litres per square metre within the northern half of the building footprint to 
typically 200 litres per square metre within the corresponding southern half. Along the 
front, southwest-facing facade, intensities vary from 200 litres per square metre in the 
SE corner to in excess of 400 litres per square metre in the SW corner of the footprint. 
Details of the structure and fabric as well as the background history of the 
buildings that form Collegiate House are described in Sub-section 8.3.4 while details of 
pre-construction condition and structural surveys of this building are given in Section 8.4 
of Chapter 8. As far as it is understood no strengthening measures were implemented 
to the structure in advance of the JLEP underground construction works. On the basis 
of its current overall geometry, Collegiate House has a length-to-breadth ratio of 
essentially 1.2, length-to-height ratio of about 1.2, and breadth-to-height ratio of 
approximately one. The building height of 15 m has been taken as the distance from 
existing ground level to parapet level. 
Figures 11.4.6,11.3.7 and 11.3.10 illustrate the locations of the instrumentation 
installed at Collegiate House. As shown in Figure 11.4.6, precision level monitoring 
sockets were installed around the perimeter of the building, while gauges were affixed 
across the more significant cracks (see Figure 11.3.10). Where access was difficult, 
etched steel plates, replaced the standard precision level monitoring socket and bolt 
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arrangement (see Figure 11.4.6). Real-time monitoring of building movement, 
employing strings of electrolevel beams as shown in Figure 11.3.7, was also carried out 
during compensation grouting operations. Both the precision levelling and crack 
monitoring continued into the long term, post-construction. 
11.4.1 Observed Behaviour 
The response of Collegiate House to the underground works is described with 
regard to the various monitoring techniques employed and subsequent data collated in 
the following sub-sections. 
11.4.1.1 Time-settlement response 
The responses of individual precision level monitoring points over time, are 
discussed in this sub-section. In describing the responses of the monitoring points, 
frequent reference will be made to the underground works shown in Figure 11.4.1. The 
time-vertical displacement curves for monitoring points, nos. 1731, 1733, 1765 and 
1799, which are located at the four corners of Collegiate House, as shown in Figure 
11.4.6, are presented together in Figure 11.4.7. A displaced origin approach has been 
adopted for this presentation; the actual values of vertical displacement recorded for 
monitoring point, no. 1731, have been plotted, while those of monitoring points, nos. 
1733, 1765 and 1799, have been offset from the observed values by +25 mm, -25 mm, 
and -50 mm, respectively. The building specific construction/monitoring sequence given 
in Figure 11.4.4, is superimposed upon these curves. 
Monitoring points, nos 1731 and 1733, were installed within the front facade of 
Collegiate House, while monitoring point, no. 1765, was affixed to the more recent 
single-storey extension to the rear. Monitoring point, no. 1799, was attached to the 
three-storey extension in the NE corner of the building footprint. Irrespective of the areal 
distribution of the sub-surface works carried out in the vicinity, the relative positions of 
the monitoring points themselves, will have an influence on their subsequent response. 
Although the four time-settlement profiles behave in a broadly similar manner to 
underground construction, specific local influences are superimposed upon this overall 
response; there are subtle differences between the observed responses of the front and 
rear facades. 
The time-vertical displacement curves for monitoring points, nos. 1731 and 1733, 
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which are situated at each end of the front facade, exhibit a generally sinnilar response to 
the sub-surface works; monitoring point, no. 1731, which is nearer the focal point of 
underground construction (see Figures 11.4.1 & 11.4.6), experiences greater magnitude 
settlements throughout. Two instances of grout-induced heave are particularly apparent 
on these profiles: at the beginning of construction monitoring Period 2, and at the end of 
Period 12/beginning of Period 13, corresponding to the driving of the station tunnel 
pilots, when heave of between about 5 and 10 mm was generated, and in advance of 
the enlargement to the concourse pilot tunnel, when approximately 10 mm of heave was 
induced in the vicinity of monitoring point no. 1731. This latter heave was immediately 
negated on commencement of the concourse tunnel enlargement works in the vicinity, 
compensation grouting having ceased in the area. 
From Period 2 until the end of Period 12, an approximately uniform rate of 
settlement is indicated in the time-vertical displacement curve for monitoring point, 
no. 1733; a bi-linear nature to this portion of the curve is suggested by the data, a 
reduction in the rate of settlement occurring at the beginning of Period 5. By the end of 
Period 5 approximately 10 mm of downward vertical movement is measured; thereafter, 
no more than 5 mm is recorded. The corresponding time-vertical displacement curve for 
monitoring point, no. 1731, is more representative of alternate phases of excavation-
induced subsidence and episodes of grout-induced heave, although downward vertical 
displacement governs with about a further 20 mm of settlement being recorded. 
Similar to that observed for those monitoring points located on the chapel of the 
Southwark Cathedral Chapter House (see Sub-section 11.3.1.1.2), the most significant 
event that occurs within the time-settlement profiles for these monitoring points, is 
associated with the enlargement of the station concourse pilot tunnel. Relatively rapid 
downward vertical displacement of between 20 and 30 mm is recorded at these 
monitoring points during these works. Thereafter, the time-settlement profiles are of a 
similar nature with about a further 20 mm of downward vertical movement being 
recorded at each location; both curves essentially exhibit a progressively decreasing rate 
of settlement. The exception to this behaviour is observed in the second part of Period 
18, when the pilot headings for the JLE/NL interchange passage over the eastbound 
station and concourse tunnels, are formed; these headings extended beneath the 
Collegiate House building footprint. A pronounced settlement of between 5 and 10 mm 
is recorded at these monitoring points during this time. The remaining peaks and 
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troughs in the time-vertical displacement curves for these monitoring points are far less 
pronounced. 
The time-settlement profiles for monitoring points, nos. 1765 and 1799, which are 
located at each end of the rear facade as shown in Figure 11.4.6, behave in a broadly 
similar manner during underground construction. Excavation-induced subsidence and 
grout-induced heave are evident in the profiles up until the end of Period 8. Significant 
settlement troughs occur in Periods 2 and 4, and at the end of Period 5/beginning of 
Period 6, when about 10 mm, 5 mm and 10 mm downward vertical displacement is 
observed. Additionally, four instances of grout-induced heave are particularly evident in 
these time-vertical displacement profiles: at the beginning and end of Period 2, at the 
end of Period 4, and between Periods 6 and 8, corresponding to the driving of the 
station tunnel pilots and subsequent enlargement works. Heaves of the order of 10 to 
20 mm, 10 mm, 5 to 10 mm and 15 to 20 mm were generated at these times, 
respectively. In each case the heave subsequently dissipated on further excavation in 
the area. 
From Period 9 up until the beginning of Period 13, both curves display settlement 
of an essentially uniform rate. The rate of settlement is greater for monitoring point, 
no.1799, reflecting its location in relation to both monitoring point, no.1765, and the sub-
surface works. The influence of the area! distribution of the monitoring points in relation 
to the movements observed for particular construction activities is more evident for the 
rear elevation of Collegiate House than for the corresponding front facade. 
The most significant events observed in the time-settlement curves for these 
monitoring points are, similar to the monitoring points located on the front facade, 
associated with the enlargement to the station concourse pilot tunnel in Period 13, when 
between 25 and 30 mm of downward vertical movement is measured, and the formation 
of the pilot headings for the JLE/NL interchange passage over the eastbound station and 
concourse tunnels in Period 18, when about a further 15 mm of settlement was 
recorded. Between these events settlement continues, at a progressively decreasing 
rate, in both time-settlement profiles, with approximately 10 to 15 mm of downward 
vertical movement being recorded. Little further settlement, no more than 5 mm, when 
allowance is made for survey inaccuracy, is measured following the formation of the pilot 
headings for the JLE/NL interchange passage. 
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On completion of underground construction, tine total settlements recorded in the 
NW, NE, SE and SW corners of the building footprint varied from 52 to 80 mm 
respectively. The corresponding differential across the eastern end of the footprint 
varied up to a maximum of the order of 25 mm. In comparison the differential across the 
opposite, western gable-end was minimal. The corresponding differentials along the 
facade were similar, of the order of 15 mm. 
11.4.1.2 Longitudinal Facade Profiles 
In this sub-section, the behaviour of the collective, southwest-facing, longitudinal 
facade of the chapel of the Southwark Cathedral Chapter House, Collegiate House and 
Mary Sheridan House, is described. Profiles of the changes in level of the various 
monitoring points located along the collective facade of the buildings are presented in 
Figure 11.4.8 for the more significant construction/monitoring periods: 
excavation of the station tunnel pilots, 
enlargement of the station tunnel pilots, 
excavation of the concourse pilot tunnel, 
enlargement of the concourse pilot tunnel, and 
the formation of the pilot headings for the JLE/NL 
interchange passage. 
The date of each survey presented in Figure 11.4.8, for these construction activities is 
given, as appropriate, in Figures 11.4.9 to 11.4.13. Each profile shows the change in 
level plotted against the distance from the SW corner of the chapel of the Southwark 
Cathedral Chapter House. 
As far as possible consistent sets of data have been plotted on these profiles. In 
some cases, however, it has been necessary to combine data from different dates. The 
profile at the end of the previous period presented, is usually plotted to highlight any 
changes in the intervening time. Only that number of measured profiles sufficient to 
illustrate the point being made are presented. 
Of the periods presented in Figure 11.4.8, significant heave is evident along the 
facades of those buildings forming Mary Sheridan House (see Section 11.5 for details) 
during the excavation of the station tunnel pilots. The greatest settlements occur during 
the enlargement to the concourse tunnel pilot. In general, downward vertical 
displacement is dominant, directed towards the Southwark Cathedral Chapter House. A 
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more detailed examination of the response of the collective facade to the excavation of 
the station tunnel pilots is presented in Figure 11.4.9. The generation of heave along 
the facade in the first half of June 1995, most noticeably for the buildings of Mary 
Sheridan House, where a hogging profile is clearly evident with heaves of between 10 
and 15 mm having developed, is shown in Figure 11.4.9(a). The corresponding 
deflection ratio is about 0.016%. As shown in Figure 11.4.9(b), this heave has 
dissipated by the end of the month. Thereafter, both settlement and heave take place 
along the collective facade (see Figures 11.4.9(c) to (e)). These movements are largely 
restricted to the facades of the Southward Cathedral Chapter House and Collegiate 
House; little movement is apparent for the remainder of the collective facade. With the 
exception of the heave-induced hogging profile, the collective facade profile is relatively 
rigid in character throughout. 
The detailed response of the longitudinal facade to the enlargements of the 
station tunnel pilots is presented in Figure 11.4.10. With the exception of the facade of 
the Southward Cathedral Chapter House, relatively uniform downward vertical 
displacement is recorded initially along the collective facade. As the excavation face of 
the enlargement to the westbound station tunnel pilot advances sagging and hogging 
profiles develop at the junction between the Chapter House and Collegiate House 
facades, and along the facade of Mary Sheridan House, respectively. The 
corresponding deflection ratio (hogging) determined is approximately 0.014%. The 
hogging profile soon dissipates, a sagging profile subsequently developing along the 
length of the facade. This profile is further modified by additional subsidence adjacent to 
the Chapter House. 
In Figure 11.4.11, a detailed examination is presented of the behaviour of the 
collective facade during the driving of the concourse tunnel pilot. Initially, relatively 
uniform settlement, generally rigid in character, is recorded (see Figures 11.4.11(a), 
11.4.11(b) & 11.4.11(c)). As shown in Figure 11.4.11(d), grout-induced heave, of 
between 5 and 10 mm, resulting in a hogging profile at the junction between the 
Southwark Cathedral Chapter House and Collegiate House, subsequently develops; 
settlement is recorded elsewhere along the facade. A corresponding deflection ratio of 
0.018% has been determined. In the remainder of the period, relatively uniform heave is 
evident along much of the collective facade; the exception is the Chapter House, where 
subsidence is noted. 
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The behaviour of the collective facade to the enlargement of the concourse 
tunnel pilot is presented in detail in Figure 11.4.12. Little compensation grouting 
protective measures were applied in the vicinity during this time. As a result, of the 
order of 30 mm downward vertical displacement takes place at the western end of the 
facade, while about 5 mm is recorded at the opposite, eastern end. In general, rotation 
about a point within the central part of the facade is suggested; the facade profile is 
relatively rigid in character. Deflection ratios are no greater than 0.02% (hogging) during 
this period. 
The response of the collective facade to the formation of the pilot headings for 
the JLE/NL interchange passage is shown in Figure 11.4.13. With the exception of the 
initial part of this period, which is shown in Figure 11.4.13(a), uniform settlement is 
generally indicated along the facade throughout this period. The corresponding hogging 
deflection ratios are up to 0.04% in magnitude; close examination reveals these to be 
localised and of little consequence, occurring at the junctions between adjacent 
structures, i.e. pre-formed discontinuities. 
It was not possible to construct similar longitudinal profiles for the rear, northeast 
facing collective facade due, primarily, to the irregular nature of the rear building lines 
(see Figure 11.1.1); limited data coverage, both spatially and with time, further 
precluded such investigation. 
11.4.1.3 Distortion 
In this sub-section distortions are considered locally in terms of slope and 
globally in terms of deflection ratio. The variations in slope with time exhibited by the 
spans along the front, southwest- and rear, northeast-facing facades are presented in 
Figures 11.4.14 and 11.4.15 respectively. Slope is considered in an easterly direction; 
negative slope indicates an easterly tilt. The variation in slope of the span of the chapel 
to the Southwark Cathedral Chapter House is included in Figure 11.4.14 for 
comparative purposes; the behaviour of the adjacent span on Collegiate House, 1731-
1732, is generally similar in nature although greater in magnitude. The other span, 
1732-1733, is broadly similar in nature and magnitude until the enlargement to the 
station concourse takes place in Period 13. Thereafter, greater magnitude slopes are 
observed for this span. A westerly tilt predominates along the front facade. The 
variation in slope along the rear facade, which is shown in Figure 11.4.15, is severely 
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restricted by the distribution of monitoring points within this area of the structure. Slope 
can only be determined locally for Part 'C of the structure, i.e. span 1798-1799. The 
behaviour of the corresponding span on the front facade, 1732-1733, is superimposed 
upon this figure for comparative purposes. The nature of the variation in slope is similar 
throughout for both front and rear spans; the corresponding magnitudes are also broadly 
similar until completion of the enlargement of the concourse tunnel pilot. The change in 
slope as the settlement 'wave' passes beneath the building footprint has a more 
significant effect on the rear facade than the corresponding front elevation, reflecting the 
areal distribution of the concourse tunnel in relation to the facades. 
As shown in Figure 11.4.16, behaviour, globally, was deduced through the 
variation in relative deflection with time displayed over the entire length of the collective, 
southwest-facing facade of the chapel to the Southwark Cathedral Chapter House, 
Collegiate House and the buildings of Mary Sheridan House. Although the buildings are 
understood to have separate foundations there is no evidence of construction joints 
between the structures and thus consideration of the behaviour of the collective facade 
is appropriate. In a similar manner to slope, deflection ratio is considered in an easterly 
direction; positive deflection ratio indicates a hogging mode of deformation. In relative 
terms, significant hogging deflection ratios, of the order of 0.02%, occur along the 
collective facade during the enlargement of the station and concourse pilot tunnels. 
Contemporaneously with this behaviour, similarly significant sagging deflection ratios are 
observed along the facade. The most significant hogging deflection ratios determined 
along the facade, of the order of 0.04%, coincide with the excavation of the pilot 
headings for the JLE/NL interchange passage at the beginning of 1997. 
In summary, the slopes determined along the front and rear facades of Collegiate 
House are generally small in magnitude. The corresponding deflection ratios for the 
collective, southwest-facing facade along St Thomas Street are similarly of small 
magnitude, in overall terms. 
11.4.1.4 Behaviour in real-time 
In this sub-section, the detailed nature of the response of Collegiate House in 
both transverse and longitudinal planes is considered through the behaviour of the 
corresponding electroievei beam strings, the locations of which are shown in Figure 
11.3.7. The D- and E-Series electrolevel beam strings are positioned to capture the 
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transverse response of the gable-ends of Collegiate House. Profiles of relative vertical 
displacement are shown in Figure 11.3.28 for these strings during the excavation of the 
concourse pilot tunnel and its subsequent enlargement. The general approach adopted 
and the assumptions made in compiling these profiles are detailed in Sub-section 
11.3.1.3 above for the Southwark Cathedral Chapter House together with the nature of 
the response of the E-Series string, which is situated at the junction between Collegiate 
House and the Chapter House. The behaviour of the D-Series electrolevel beam string 
during the formation of the concourse tunnel pilot and subsequent enlargement is 
summarised in Figures 11.3.28(c) & 11.3.28(d). In both cases the profiles suggest a 
relatively flexible response in comparison to those exhibited by the E-Series. 
Representative relative vertical displacement profiles for the A- and B-Series 
electrolevel beam strings, which are situated on the southwest- and northeast-facing 
longitudinal facades of Collegiate House as shown in Figure 11.3.7, are presented in 
Figure 11.3.27 for the period during which the station tunnel pilots were formed. The A-
Serles string only covers the central part of the front facade; incomplete base data 
precluded the incorporation of the data recorded by the electrolevel beams at each end 
of the facade. The development of a settlement trough is evident in the profiles, which is 
then corrected by compensation grouting protective measures; a maximum relative 
settlement of 4 mm is recorded. This behaviour correlates with the passage of the 
westbound station tunnel pilot below the facade. A relatively rigid response is displayed 
by the B-Series electrolevel beam string along the corresponding rear facade; 
incremental movements of the order of 5 mm maximum are observed. 
11.4.2 Damage Recorded 
The most significant damage that was observed within Collegiate House during 
the construction of the JLE London Bridge underground station, the locations of which 
are shown in Figure 11.4.17, is described in this sub-section. The damage is described, 
in chronological order, correlating construction activities with the onset and propagation 
of the cracking, its relative location and orientation. A comprehensive list of references, 
which detail all the damage reported to this building, is given in Appendix G. Details of 
the structural protective measures implemented as construction progressed in the 
vicinity are also given, where appropriate. 
Chapter 11: St Thomas Street 
Similar to the adjacent Southwark Cathedral Chapter House, much pre-existing 
cracking was apparent throughout Collegiate House during the pre-construction defect 
surveys. This cracking is representative of the ageing process; the corresponding 
structural integrity of the building had not been compromised. The pre-construction 
condition of the structure is summarised in Section 8.4 of Chapter 8. 
The damage within Collegiate House was largely confined to the rear, NW corner 
of the building, and in particular the Porters' vault and Ground Floor Office above. 
Similar to the Chapter House, the cracking was related, in most cases, to the resumption 
of movement along pre-existing defects; it was confined largely to the finishes, for 
example the plaster walls and ceilings (see Plates, Nos. 11.23 and 11.24). Much of the 
most significant damage occurred in the second half of 1997, following completion of 
underground construction in the vicinity, some time after the most significant large-
diameter openings had been excavated. 
The damage that was subsequently recorded during underground construction 
was generally superficial in nature. Collegiate House was considered structurally sound 
throughout the sub-surface works. Overall, the damage was categorised as 'slight' 
(BRE, 1995) although category 3, 'moderate', damage was recorded locally. 
In the Porters' vault (see Figure 11,3.10(a)), east-west trending cracks were 
observed in the northern half of the roof, above the rear, ground floor office of Collegiate 
House in December 1995; by this time the enlargements to the station tunnel pilots were 
in progress in the vicinity. The variation in relative crack movement recorded during 
subsequent monitoring is presented in Figure 11.4.18. Positive relative movement, 
opening of the crack, is likely to indicate movement in a northerly direction given the 
works in progress and their relative orientation to the cracks. The construction-
monitoring time periods together with the associated ground treatment details for this 
building are superimposed on this figure. The cracks continue to open until Period 11, 
with maximum relative movements of between 0.6 and 0.7 mm being observed. Once 
excavation of the concourse tunnel commences in Period 12, the cracks start to close, 
closure of the order of 1.2 mm being recorded. The cracks re-open in Period 16, in 
response to the excavation of the lower drive of the JLE/NL interchange passage (see 
Sub-section 6.2.8 of Chapter 6) to the north of the eastbound station tunnel, with about 
0.6 mm relative movement being measured. The cracks subsequently close and 
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stabilise. 
Sub-vertical cracks indicating movement of a similar orientation (i.e. in a 
generally North-South plane) to that suggested by the cracks in the Porters vault, were 
monitored within the G/F office above, in the NW corner of the building footprint; the 
cracks were located on either side of the column, at the junction between the original 
rear building line and the more recent extensions. The corresponding variations in 
relative movement for these cracks are presented in Figure 11.4.19. Their behaviour is, 
in general, similar to that observed for the cracks in the vault. These cracks were not 
evident during the pre-construction defect survey; sub-vertical cracks, however, were 
recorded around the adjacent door frame at this time, as was cracking, which is shown 
in Figure 11.4.20, around the adjacent, centrally-located column, at its interface with the 
ceiling. This column and beam arrangement supports the wall above. 
The cracks located within the original building exhibit less relative movement than 
those situated within the more recent, single-storey extension. The former cracks open 
by between 0.5 and 1.3 mm in response to the station tunnel enlargement works before 
closing by between 1 and 2 mm during the enlargement of the concourse tunnel pilot in 
Period 13. The cracks adjacent to the single-storey extension exhibit greater relative 
movements, of approximately 2 mm up to between 4 and 4.5 mm. Two peaks in crack 
opening, which correspond to the station tunnel enlargement works and the enlargement 
to the concourse tunnel pilot, are apparent with almost 3 mm relative movement being 
recorded on both occasions. Thereafter, crack closure is indicated by the data, the 
cracks largely stabilising beyond Period 13. There is a suggestion of an increasing 
crack width with height. An adjacent crack in the ceiling, which is of similar orientation to 
these cracks, displays similar behaviour, opening by about 1 mm then closing by 
approximately 2 mm, before stabilising thereafter. 
As shown in Figure 11.4.21, significant relative crack movement, up to 6 mm, is 
indicated in the orthogonal east-west plane at the junction between the column and the 
ceiling. It is considered that crack closure indicates movement in an easterly direction; 
the initial movement, the opening of the crack, is likely to have been in a westerly 
direction in response to the excavation of the eastbound station tunnel. The cracks 
open by between 1 and 2 mm during the enlargement of the eastbound station tunnel 
pilot in Periods 6 to 8; crack, no.CH9, responds before crack, no.CH7. During the 
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formation of the concourse tunnel pilot in Period 12, the behaviour of both cracks is 
erratic, suggesting successive episodes of opening and closure. In Period 13 and 
thereafter, closure is indicated before crack, no CH9, largely stabilises in Period 16. A 
nearby crack in the ceiling, which is of similar orientation to these cracks, exhibits similar 
behaviour initially as shown in Figure 11.4.21, opening about 0.5 mm then closing by 
approximately 2 mm, before stabilising in the latter periods of underground construction. 
Post-construction, however, crack opening is indicated, with relative movements of the 
order of 1.5 mm being recorded. These movements together with the abrupt closure at 
the end of monitoring are considered to be a response to the failure of an adjacent area 
of plaster in the ceiling (see below). 
The relative movements recorded for an adjacent crack, located above the door 
in the northern wall of the rear Ground Floor Office is shown in Figure 11.4.22. This 
crack was pre-existing, having been identified during the pre-construction defect survey; 
it was about 0.4 mm wide and approximately 1000 mm long at this time. It is located 
within what was then classified as an area subject to blistering. The crack was 
monitored In two locations. Its behaviour was similar at both locations; the pattern of 
movement recorded was also generally similar to that observed for the other cracks in 
the rear Ground Floor Office, albeit of smaller magnitude. 
The relative movements of crack, no. CHI5, which is located at second floor 
level in the rear wall above the Porters vault, are presented in Figure 11.4.23 with those 
of crack, no. CHI4, which is located at the same level above the Porters vault on the 
opposite, front wall. Both cracks exhibit similar behaviour; vertical movement and that 
due to shearing are of similar magnitude for each crack, at between 1.5 and 2 mm, and 
between 0.5 and 1 mm for cracks, nos. CH15 and CHI4, respectively. 
Other cracks located throughout Collegiate House, were monitored but no trends 
were evident in the variation of the movements measured; the movements were largely 
within the accuracy of the measuring devices employed. 
On 23 September 1997, once tunnelling works in the vicinity were substantially 
complete, an area of plaster, approximately 0.5 m by 0.5 m in plan, fell from the ceiling 
in the rear ground floor office (see Plate No. 11.25); no one was hurt in the incident. To 
prevent further falls temporary protective measures, comprising false ceilings erected to 
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the undersides of the existing soffit, were implemented in the affected and adjacent 
rooms. 
11.4.3 Summary 
In the preceding sub-sections the more significant features of the response of 
Collegiate House to the construction of the JLE London Bridge underground station 
have been presented. Overall, the damage recorded was categorised as 'slight' {BRE, 
1995), although category 3, 'moderate', damage was recorded locally. Collegiate House 
actually comprises an agglomeration of buildings of different age, to which refurbishment 
works have been carried out in unifying the structure. The most significant of these is 
the infill, which incorporates the Porter's Lodge into the Treasurer's House. Much of the 
damage that was observed during the JLEP, occurred within the rear Ground Floor 
Office, which forms part of this infill. Ultimately, the ceiling plaster in this area failed. 
The foundations of Collegiate House are particularly complex. 
By the end of construction the total settlement measured within the building 
footprint varied between 52 and 68 mm along the front, southwest-facing facade, and 
between 67 and 80 mm along the rear, northeast-facing facade. Differential settlements 
of the order of 15 and 25 mm were recorded along and across the building footprint. 
The greatest incremental movements occurred in response to the formation of the large 
diameter, concourse tunnel directly beneath the building. 
Distortion of the building has been quantified through the variation in slope along 
the front and rear facades; slopes vary from approximately -0.5 mm/m to in excess of 2 
mm/m along the front facade and from about -0.2 mm/m to 1.5 mm/m along the rear 
facade. These parameters generally reflect the construction activities in progress and 
their location in relation to Collegiate House. Deflection ratios have also been 
determined for the collective, southwest-facing facade of Collegiate House, the 
Southwark Cathedral Chapter House and the buildings of Mary Sheridan House; the 
values determined are consistent with the level of damage sustained. 
The damage observed within Collegiate House is concentrated in the NW corner 
of the building at basement and ground floor levels. In most cases, movement resumed 
along pre-existing cracks located at/near lines of structural discontinuity. The behaviour 
of the cracks monitored throughout Collegiate House is consistent, the cracks opening 
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and closing in response to particular underground activities, for example . Much 
cracking was recorded around the junction between one of the columns, which support 
the northeast-facing, rear facade. 
The compensation grouting protective measures applied beneath the building 
footprint of Collegiate House were concentrated within the southern half of the footprint, 
along the southwest-facing, front facade and, in particular, the SW corner, where in 
excess of 400 litres per square metre of grout was injected into the ground. At the 
opposite, SE end of this facade, only about 100 litres per square metre of grout was 
injected into the London Clay; the variation along the facade is relatively uniform. A 
grout intensity of less than 100 litres per square metre is evident in the rear half of the 
building footprint, where there are several interfaces between buildings of different ages. 
11.5 Mary Sheridan House 
The response of the buildings collectively referred to herein as Mary Sheridan 
House, plans of which are shown in Figure 11.5.1, are described in this sub-section. 
For the purposes of this thesis Mary Sheridan House comprises the buildings of Nos. 
11-19 St Thomas Street; detailed descriptions of each of these structures are given in 
Sub-section 8.3.5 of Chapter 8. For descriptive clarity, the collective of buildings that 
comprise Mary Sheridan House have been sub-divided into two 'blocks', based on 
relative proximity to the underground works, age and assumed response. The first 
block. Block 'A' consists of the three buildings situated above the underground station, 
Nos.11-15 St Thomas Street. These buildings are of the order of 300 years old, having 
originally formed part of St Thomas's Hospital; a single storey extension has been added 
to the rear of these buildings in the very recent past. The second block of buildings, 
Block 'B', comprises three buildings, Nos. 17-19 St Thomas Street, located to the south 
of the sub-surface infrastructure. These buildings, which form an irregular, L-shaped 
rectangle in plan with single-storey annex, are more recent than those of Block 'A', 
having been constructed towards the end of the 19'" century. 
As shown in Figure 11.5.1, Mary Sheridan House is located at the eastern end of 
the JLE London Bridge underground station. The westbound station tunnel passes 
diagonally beneath the building footprints of Block 'A', on a skew angle of about 24° to 
the front, southwest-facing longitudinal facade. The concourse tunnel crosses below the 
NW corner of Block 'A' on a similar orientation. Cross passages linking these sub-
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surface structures are situated directly beneath the Block 'A' building footprints. The 
eastbound station tunnel and associated cross passages are located to the north of 
Mary Sheridan House, while the eastern escalator shaft and transition to the concourse 
tunnel are situated immediately to the east; the JLE/NL interchange passage and the 
remainder of the concourse tunnel are located to the west. 
A 14 m deep, 4.27 m i.d. temporary works shaft, which is also shown in Figure 
11.5.1, was sunk in the rear car parking area of Mary Sheridan House adjacent to 
Blocks 'A' and 'B'; permeation grouting ground treatment preceded shaft sinking (see 
Sub-section 6.3.1.6 of Chapter 6 for further details). It was originally envisaged that 
the shaft would facilitate the application of compensation grouting protective measures 
in the vicinity. Ultimately, it was not used for this purpose, and its sinking hastened the 
cessation of compensation grouting beneath Mary Sheridan House. Numerous TAMs 
beneath the building footprint were intersected and rendered inoperable. An exclusion 
zone, within which compensation grouting was not permitted, was also placed around 
the shaft. The shaft was subsequently decommissioned during February and March 
1998. 
Compensation grouting TAMs within the London Clay extended beneath the 
buildings comprising Mary Sheridan House as shown in Figure 11.5.2. Grout injections 
associated with these protective measures were made below the structures between 
May 1995 and June 1996; about 105 m® of grout was injected through the TAMs in the 
vicinity of the buildings during this approximately 12-month period; almost 68 m^ 
between 17 May and 20 December 1995 and about 37 m^ between 5 January and 6 
June 1996, in a series of 36 episodes, 23 during 1995 and 13 in 1996. As a result of 
Mary Sheridan House's close proximity to other buildings, a number of which were 
subject to significantly greater volumes of grout injection during underground 
construction, for example Collegiate House, some of these grouting episodes are of 
limited extent and duration, the overall focus of the compensation grouting episode 
being an adjacent structure rather than the buildings forming Mary Sheridan House. 
The daily and corresponding cumulative volumes of grout injected into the 
ground beneath Mary Sheridan House are presented in relation to the building specific 
construction/monitoring sequence in Figure 11.5.3. The various excavation phases and 
ground treatment episodes undertaken in the vicinity of these buildings are summarised 
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in relation to the nnonitoring data in Figure 11.5.4; the numbers given in this figure to the 
various construction monitoring periods correspond with those given on subsequent 
building movement plots. The construction/monitoring sequence given for Mary 
Sheridan House relates largely to Block 'A', which is located directly above the 
underground station. The total daily volume of grout injected varies from 150 litres to in 
excess of 5000 litres. Several pauses in grout injection are evident from this figure; the 
majority of these pauses coincide with periods of little construction activity. The 
corresponding relative area! distribution of grout injected into the ground beneath the 
buildings that form Mary Sheridan House, during the ground treatment operations is 
presented as a contour plot of grout intensity in Figure 11.5.5. Of the order of 50 litres 
per square metre was injected beneath those buildings directly above the underground 
station; greater intensities are evident at the NE and SW corners of these buildings as a 
result of ground treatment operations undertaken to adjacent structures. Intensities of 
less than 50 litres per square metre were recorded beneath the remaining buildings of 
Mary Sheridan House, to the south of the sub-surface infrastructure. 
In general, the buildings of Mary Sheridan House comprise brick load-bearing 
walls supported by shallow footings. A detailed description of the fabric and structure of 
these buildings is given in Sub-section 8.3.5 of Chapter 8. Additionally, details of pre-
construction condition and structural surveys of the buildings are contained in Section 
8.4 of the same chapter. As far as it is understood the structures themselves, were not 
subject to any specific strengthening measures in advance of the JLEP underground 
construction works. The buildings that form Nos. 11 -19 St Thomas Street were, 
however, refurbished in the late 1970s; a number of the original brickwork footings of 
Nos. 11-15 St Thomas Street were underpinned at this time (see Sub-section 8.3.5 of 
Chapter 8 for details). The overall length-to-breadth ratio of Block 'A' of Mary Sheridan 
House varies from 1.5 to 1.9. The corresponding length-to-height and a breadth-to-
height ratios relate to the older parts of the block only. The length-to-height ratio is 
approximately 2.25, while the breadth-to-height ratio varies from 0.625 to 0.833. The 
lengths of the legs of Block 'B' are about 13.5 and 11.5 m respectively. Both legs are of 
similar breadth, approximately 5 m. The corresponding length to breadth ratio for the 
legs varies from 2.3 to 2.7. The breadth-to-height ratio is about 0.4 while the length-to-
height ratio for the legs varies between approximately 0.95 and 1.1. The building height 
of 12 m, which is the same for both blocks, has been taken as the distance from existing 
ground level to parapet level. 
-379-
Chapter 11: St Thomas Street 
Several forms of monitoring were employed throughout these buildings (see 
Table 7.1). The locations of the various monitoring points used to facilitate precision 
levelling are shown in Figure 11.5.6. On this figure the locations of the precise level 
monitoring points represented by hollow symbols are less reliably known than those 
points represented by solid symbols (see Sub-section 7.3.1.5 of Chapter 7 for further 
details). In addition, real-time monitoring of building movements during underground 
construction, and in particular, the compensation grouting ground treatment operations, 
was carried out (see Figure 11.5.7). As shown in Figure 11.5.8, selective crack 
monitoring was also undertaken throughout the buildings of Mary Sheridan House. Both 
precision levelling and crack monitoring continued into the long term, post-construction. 
11.5.1 Observed Behaviour 
The response to the underground works of the buildings that make up Mary 
Sheridan House, is described with regard to the various monitoring techniques employed 
and subsequent data collated in the following sub-sections. 
11.5.1.1 Time-settlement response 
The behaviour over time of individual precise level monitoring points to the 
various underground works and ground treatment operations, is described in this sub-
section. Monitoring points situated around the perimeter of Block 'A' are described first 
before those of Block 'B' are considered. In describing the response of particular 
precision levelling monitoring points, frequent reference will be made to the plan of the 
underground works shown in Figure 11.5.1 In a similar manner to that employed for 
Collegiate House, the time-vertical displacement profiles for monitoring points, nos 1734, 
1736, 1762 and 1763 respectively, which are situated at/close to the four corners of 
Block 'A' as shown in Figure 11.5.6, are presented together in Figure 11.5.9. 
Monitoring points, nos. 1734 and 1736, were installed within the southwest-facing facade 
of the original buildings, while monitoring points, nos. 1762 and 1763, were affixed to the 
very recent single-storey extension to the rear. Monitoring point, no. 1763, is situated 
about mid-way along the rear facade of Block 'A'; data for monitoring point, no. 1764, 
which is located in the NW corner of the block, was only available until the middle of 
August 1995. The presentation adopts a displaced origin approach; the actual values of 
vertical displacement recorded for monitoring point, no. 1334, have been plotted while 
those of monitoring points nos. 1736, 1762 and 1763 have been offset from the 
measured values by +25 mm, -25 mm, and -50 mm respectively. The building specific 
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construction/monitoring sequence given in Figure 11.5.4, is superimposed upon these 
profiles. 
The responses of the two monitoring points located on the front facade of Block 
'A', nos. 1734 and 1736, as shown in Figure 11.5.9, are considered first. The time-
settlement profiles for these monitoring points are broadly similar in nature and relative 
magnitude until the end of construction monitoring Period 13. Significant heaves of the 
order of 10 mm, and between 5 and 10 mm respectively, are generated at the beginning 
of Period 2, when the TAMs beneath the building footprint are conditioned, and in Period 
4, during the enlargements of the station tunnel pilots. Outwith these ground treatment 
episodes, settlement of less than 5 mm in magnitude and of relatively uniform rate is 
indicated in Periods 2 to 4. Little discernible downward vertical movement is indicated 
overall, in Periods 5 through to 13. The downward vertical displacements that do occur 
are corrected by compensation grouting soon thereafter, giving rise to a 'saw-tooth' 
profile, consisting of alternate troughs and peaks. 
The profiles start to differ in Period 14 with the excavation of the pilot tunnel for 
the station concourse; the rate of downward vertical movement experienced by 
monitoring point, no. 1734, begins to increase at this time. The rate of settlement 
displayed by this monitoring point continues to increase in Period 15 with the 
enlargement of the concourse pilot tunnel; an approximately bi-linear nature to the time-
settlement curve is evident over this time, a pronounced increase in settlement of the 
order of 15 to 20 mm, being measured about mid-way through Period 15. Thereafter, 
monitoring point, no. 1734, continues to settle at a similar rate to that experienced during 
the driving of the pilot tunnel for the station concourse. In contrast, monitoring point, no. 
1736, displays no pronounced response to the formation of either the station concourse 
pilot tunnel or subsequent enlargement, continuing to exhibit a relatively uniform rate of 
downward vertical displacement, of similar magnitude to that experienced in earlier 
periods. In the latter stages of underground construction this rate of settlement 
decreases progressively, the time-vertical displacement curve becoming sub-horizontal. 
The time-vertical displacement curve for monitoring point, no. 1762, which is 
situated in the NE corner of Block 'A' (see Figure 11.5.6), is generally similar in nature 
and magnitude to that of monitoring point, no. 1734, during the first 14 construction 
monitoring periods; that of monitoring point, no. 1763, which is situated towards the 
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middle of the rear facade of this block, is less so. The grout-induced heave observed in 
the time-settlement profiles for monitoring points, nos. 1734 & 1736, at the start of 
Period 2, is also recorded on these profiles, heave of the order of 10 mm being 
indicated. 
The behaviour over time of monitoring points, nos. 1737, 1738, 1739 and 1759, 
which are located around the perimeter of Block 'B', to the south of the underground 
station as shown in Figure 11.5.6, are presented in Figure 11.5.10. A displaced origin 
approach has also been employed in their presentation; the actual values of vertical 
displacement recorded for monitoring point, no. 1337, have been plotted while those of 
monitoring points, nos. 1738, 1739 and 1759, have been offset from the measured 
values by -25 mm, -50 mm, and +25 mm respectively. The building specific 
construction/monitoring sequence given in Figure 11.5.4 for Block 'A', is also 
superimposed upon these profiles. Monitoring points, nos. 1737, 1739 and 1759 are 
attached to the original construction while monitoring point, no. 1738, is affixed to the 
more recent late-1970s infill. 
The response of the four monitoring points located around the perimeter of Block 
'B', are generally similar in both nature and magnitude throughout the monitoring period. 
Downward vertical displacement, of an approximately uniform rate, is indicated for all 
four points. There are exceptions to this overall behaviour. Heave, induced through the 
conditioning of the compensation grouting TAMs beneath the building footprint at the 
beginning of Period 2, is evident in the time-vertical displacement profiles of all four 
points. The grout-induced heaves noted previously in the time-vertical displacement 
curves for the monitoring points on Block 'A' during the enlargements of the station 
tunnels are also evident. The latter incidence of heave is particularly apparent in the 
profile for monitoring point, no. 1737. 
With the exception of the 5 to 10 mm of heave induced at the beginning of 
construction-monitoring Period 2, when the TAMs beneath Block 'B' were conditioned, 
monitoring point, no. 1739, the southernmost point selected for description, exhibits little 
in the way of a response to the various construction activities undertaken in the vicinity. 
Within the accuracy of the measurements made, settlement of a relatively uniform rate is 
indicated throughout. Overall, settlement of the order of 10 mm is suggested. This is 
the lowest value of subsidence reported in this thesis for any of the buildings under 
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consideration. It is a reflection of the relative proximity of the building to the sub-surface 
works and the nature of the surface settlement trough associated with tunnels formed 
employing the SCL technique. 
For all monitoring points at Mary Sheridan House, the excavation of the major 
sub-surface structures - the station and concourse tunnels - dominates the subsequent 
settlement response. The influence of the ancillary underground structures - escalator 
shafts and cross passages - is masked by the overwhelming influence of the major 
tunnels, both during and following their formation beneath the building footprint. 
The difference in the magnitude of subsidence recorded for the buildings of 
Block 'A', which are located directly above the underground works, and those of Block 
'B', which are situated immediately adjacent, on the southern flank of the sub-surface 
infrastructure, is striking. The abrupt nature of this transition is particularly evident in the 
time-settlement response of monitoring point, no. 1736, which is located in the SE 
corner of Block 'A'. Monitoring point, no. 1736, is subject to less than half the magnitude 
of downward vertical displacement of those other monitoring points situated around the 
perimeter of this block. This behaviour is a reflection of the narrower settlement troughs 
observed when employing the SCL method in tunnel construction. 
11.5.1.2 Longitudinal Facade Profiles 
The position of Mary Sheridan House in relation to the underground works is 
such that it is instructive to consider the collective southwest-facing facade comprising it 
and the adjacent Collegiate House and the chapel of the Southwark Cathedral Chapter 
House when considering the longitudinal response of the buildings. This collective 
facade is discussed in Sub-section 11.4.1.2 above. The geometrical nature, structural 
form and building history of Mary Sheridan House, as well as the distribution of precision 
level monitoring points around its perimeter, are such that it is not possible to fully 
consider the rear northeast-facing facade in this manner. In this case the behaviour of 
the facade will be considered through the behaviour of the electrolevel beams installed 
throughout Mary Sheridan House (see Sub-section 11.5.1.4 below). Similarly, the 
response of the facades of Block 'B' of Mary Sheridan House are considered through the 
behaviour of the electrolevel beam strings installed in these locations. 
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11.5.1.3 Distortion 
In this sub-section distortions are considered locally in terms of slope; global 
assessment based on relative deflection over the entire length of the southwest-facing 
facade of the terrace, including Mary Sheridan House, has been presented in Sub-
section 11.4.1.3. The variation in slope with time exhibited by spans along the 
southwest-facing, front facade are presented in Figure 11.5.11. Longitudinally, slope is 
considered in an easterly direction; negative slope indicates an easterly tilt. 
The variation in slope with time displayed by spans in the transverse direction are 
shown in Figure 11.5.12. Slope is considered in a southerly direction In the transverse 
plane; negative slope indicates a southerly tilt. 
11.5.1.4 Electrolevel Beams 
In this sub-section, the detailed nature of the response of Blocks 'A' and 'B' is 
considered through the behaviour of the various strings of electrolevel beams that were 
installed throughout the buildings that collectively form Mary Sheridan House. The 
locations of these electrolevel beam strings are shown in Figure 11.5.7. A largely 
continuous sequence of data is available for the 11-month period from 1 November 1995 
until 11 September 1996. Data is not available for the initial period of underground 
construction, during which time the station tunnel pilots and subsequent enlargements 
were carried out in the vicinity. Downward vertical displacements ranging from 
approximately 2 to 8 mm were observed around the perimeter of Block 'A' over this 
period; settlements of up to 3 mm were recorded for Block 'B'. 
Profiles of relative vertical displacement for several pairs of electrolevel beam 
string-lines located throughout Blocks 'A' and 'B' of Mary Sheridan House are presented 
in Figures 11.5.13 to 11.5.16. The survey dates correspond with those used when 
preparing the collective longitudinal, southwest-facing facade profiles (see Figures 
11.4.9 to 11.4.13). The construction-monitoring periods covering the excavation of the 
concourse tunnel pilot and its subsequent enlargement have been selected when 
presenting data (see Sub-section 11.3.1.3). The profiles relating to Block 'A' will be 
considered first. 
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As shown in Figure 11.5.13, the M- and B-Series electrolevel beann strings run 
along the longitudinal axis of Block 'A', at the junction between the original Georgian 
buildings and the more recent single-storey extension, and the northeast-facing facade 
of the extension respectively. The profiles of relative vertical displacement obtained 
during the formation of the concourse tunnel pilot are shown in Figures 11.5.13(a) & 
11.5.13(c). With the exception of the initial portion of both strings, the profiles of relative 
vertical displacement at the start of this period are relatively uniform, with relative vertical 
displacements of approximately 4 mm throughout, suggesting little differential along their 
length and relatively rigid behaviour. The initial portions of both strings indicate a 
differential of the order of 4 mm and a more flexible form of response. The nature of 
both profiles is largely maintained throughout, the differential increasing then decreasing 
as the pilot tunnel passes below. 
The corresponding relative vertical displacement profiles during the enlargement 
of the concourse tunnel pilot are shown in Figures 11.5.13(b) & 11.5.13(d) for these 
electrolevel strings. By the end of this period the M-Series string is exhibiting a relatively 
rigid response throughout; a linearly-varying differential of almost 25 mm exists along its 
length. The initial portion of the string excepted, similar behaviour is displayed by the B-
Series electrolevel beam string. It is not clear why there is quite such a localised 
increase in relative vertical displacement at the western end of the B-Series string; the 
string crosses over the line of the concourse tunnel at an oblique angle. The behaviour 
may indicate that the first electrolevel of the string is not functioning properly. 
As shown in Figure 11.5.14, the A- and C-Series electrolevel beam strings are 
situated at each of the gable-ends of Block 'A'. The profiles of relative vertical 
displacement obtained during the formation of the concourse tunnel pilot are presented 
in Figures 11.5.14(a) & 11.5.14(c) respectively. The nature of the A-Series electrolevel 
beam string profiles are relatively flexible in comparison to those of the C-Series. They 
also exhibit less incremental movement, of the order of 2 mm; this movement indicates 
relative settlement of the NW corner of Block 'A' throughout. The C-Series string 
indicates relative upward, downward and then upward movement of the order of 6, 8 and 
2 mm respectively during the period. The absolute nature of the movements of both 
strings is similar, i.e. indicating downward movement orientated in a northerly direction. 
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The corresponding relative vertical displacement profiles during the enlargement 
of the concourse tunnel pilot are shown in Figures 11.5.14(b) & 11.5.14(d) for these 
electrolevel strings. The relatively flexible character of the A-Series string profile evident 
during the formation of the concourse tunnel pilot is retained during its subsequent 
enlargement. Upward relative movement, in excess of 10 mm, is suggested overall. 
The C-Series string profiles remain relatively rigid in nature; alternate upward and 
downward movement of the string is recorded during the period. Overall, upward 
movement of the order of 6 mm indicated. The relative movement profiles for these four 
electrolevel beam strings together with that for the southwest-facing longitudinal facade 
indicate that the building footprint is subject to a twisting deformation, induced in part by 
the compensation grouting protective measures. 
The behaviour of the D- and l-Series electrolevel beam strings, which are located 
on the northeast- and southwest-facing longitudinal facades of the northern leg of Block 
'B' as shown in Figure 11.5.7, are presented in Figure 11.5.15, during the excavation of 
the concourse pilot tunnel and subsequent enlargement. The profiles of relative vertical 
displacement for both strings exhibit a relatively rigid response to the excavation of the 
concourse pilot tunnel, with settlement directed towards the underground works. 
Relative vertical movements of up to 8 mm are recorded along the northeast-facing 
facade while along the parallel, southwest-facing facade relative vertical movements of 
the order of 4 mm maximum are observed. Similar overall behaviour is displayed by 
both electrolevel beam strings during the subsequent enlargement of the concourse pilot 
tunnel; both the nature and magnitude of the relative vertical movements are retained. 
Thus a twisting mode of deformation is also suggested for this structure. 
The corresponding responses of the E- and H-Series electrolevel beam strings, 
which are situated on the southeast- and northwest-facing longitudinal facades of the 
southern leg of Block 'B' as shown in Figure 11.5.7, are presented in Figure 11.5.16. 
The profiles of relative vertical displacement obtained for both electrolevel beam strings 
are relatively rigid in nature. Greater relative movements, of the order of 4 mm 
maximum, indicating settlement of the string, are recorded for the H-Series electrolevel 
beam string. Ignoring the movements recorded by the last electrolevel beam of the E-
Series string, which is situated within the single-storey annex, and allowing for the first 
two electrolevel beams of the string being located within the northern leg of Block 'B', 
generally uniform movements are recorded along the southeast-facing facade during 
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both the formation of the concourse pilot tunnel and its subsequent enlargement. 
11.5.2 Damage Recorded 
In the following sub-section the damage that was recorded within the various 
buildings that comprise Mary Sheridan House, during the construction of the JLE London 
Bridge underground station is described, correlating, where possible, construction 
activities with the onset and propagation of the cracking, its relative location and 
orientation. The damage observed, the locations of the most significant of which are 
shown in Figure 11.5.17, was generally superficial in nature, consisting, principally, of 
fine cracking to plaster wall and ceiling finishes, particularly around door and window 
heads, and at high level internally within the southwest-facing, front facade of Block 'A'. 
The most severe damage occurred to the northeast-facing wall of the rear, single-storey 
extension to Block 'A', at its junction with the boundary wall of the adjoining property, 
The BT Building. Differential movement between the more recent extension and the 
boundary wall resulted in extensive sub-horizontal cracking of the northeast-facing wall 
of Block 'A' at ground floor level. In most cases, the cracking was related to the 
resumption of movement along pre-existing defects; the damage to the rear, single-
storey extension of Block 'A' is a notable exception in this regard. 
Much pre-existing cracking, representative of the general aging process, was 
identified within both Blocks 'A' and 'B' during the compilation of the defect schedules, 
before construction works commenced in the vicinity. However, the corresponding 
structural integrity of the buildings was not impaired. The pre-construction condition of 
the structure is summarised in Section 8.4 of Chapter 8. With the exception of the 
compensation grouting operations, no protective measures were implemented to the 
buildings of Mary Sheridan House, either in advance of or during underground 
construction. Moreover, the compensation grouting ground treatment works applied 
beneath the various building footprints were, in comparison to that applied to the other 
buildings of the terrace, limited in extent. Overall, the damage was categorised by the 
JLEP as 'slight'{BRE, 1995); the buildings of Mary Sheridan House had been 
considered structurally sound throughout the sub-surface works. 
Crack monitoring was largely restricted to the older parts of the Block 'A' 
buildings although some was also undertaken within the more recent single-storey 
extension to the rear and to the Block 'B' buildings. A number of cracks were monitored 
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at basement, ground, first and second floor levels in Block 'A'. The monitoring locations 
are shown in Figure 11.5.8. Monitoring was concentrated around the stairwell of No.11 
St Thomas Street, and the lift shaft and stairwell of No.15 St Thomas Street, as well as 
the northeast-facing wall of the rear, single-storey extension. 
The monitoring data for the ground floor level cracks, nos. MSH5 and MSH10, 
and that on the first floor, no. MSH9, which are shown in Figure 11.5.18, are 
representative of the behaviour of sub-horizontal cracking at the corners/junctions 
between the walls and ceiling in the vicinity of the stain,vell of No.11 St Thomas Street. 
The response of crack, no. MSH20, is also shown on this figure and is representative of 
the shear cracking observed around door frames in the vicinity. The daily and 
cumulative volumes of grout injected into the ground beneath Mary Sheridan House are 
shown in the upper graph in Figure 11.5.18, while the response of the cracks is 
presented in the lower graph together with the progress of relevant construction 
activities. Positive relative crack movement indicates crack opening. All the figures in 
this sub-section, which illustrate the behaviour of cracks to the sub-surface works, adopt 
a similar presentational format. In general, the cracks open in response to the passage 
of the excavation of the western station tunnel enlargement works and then close 
thereafter. This behaviour is replicated by those cracks in the vicinity of the stain/veil and 
lift shaft of No.15 St Thomas Street (see Figure 11.5.19); a lag in response is evident. 
With the exception of crack, no. MSH20, overall relative crack movement of between 0.5 
and 1 mm is indicated. Crack, no. MSH20, displays overall relative crack movement of 
between 1.5 and 2 mm; closure is generally indicated throughout monitoring, which 
commenced in Period 11. 
The response of the ground floor level cracks, nos. MSH1, MSH15 and MSH16, 
which are representative of the diagonal shear cracking observed in the walls, and 
around the door frames adjacent to the lift shaft of No.15 St Thomas Street, are shown 
in Figure 11.5.19. Monitoring of crack, no. MSH1, commenced in Period 2; movement 
was not recorded, however, until Period 4 during the enlargement works to the station 
tunnel pilots. The excavation face for the enlargement to the westbound station tunnel 
pilot passes beneath this part of Mary Sheridan House at this time. Crack opening 
peaks in Period 10 with relative crack movements in excess of one millimetre having 
been recorded. Closure takes place thereafter, relative crack movement subsequently 
stabilising in the latter periods of underground construction. Overall, relative crack 
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movement of between one and two millimetres is indicated; the general nature of the 
movements are similar for the three cracks. Crack movement does not seem to be 
directly related to compensation grouting in the vicinity; the cracks open during the 
formation of the station tunnel enlargements and close thereafter. 
The behaviour of the sub-horizontal cracks, nos. MSH23, MSH24 and MSH27, 
which are located along the northeast-facing wall of the single-storey extension are 
presented in Figure 11.5.20. Monitoring commenced in Period 15 during the 
enlargement of the concourse tunnel pilot, once compensation grouting ground 
treatment operations had ceased in the area. In general, relative crack movement of the 
order of +0.5 mm is indicated; crack, no.MSH27, was over 4 mm wide overall. 
Movement stabilises post-construction. 
11.5.3 Summary 
The response of Mary Sheridan House to the works associated with the 
construction of JLE London Bridge underground station have been described in this sub-
section. The agglomeration of buildings referred to as Mary Sheridan House have been 
considered as two separate blocks: Block 'A', which essentially comprises the original 
18'^  century buildings of St Thomas's Hospital, and Block 'B', which consists of the late 
19**" century buildings to the south. The three structures that form Block 'A' are 
independent structures in their own right, with their own foundations and flank walls. 
The superstructures and foundations of Blocks 'A' and 'B' are similar: brick load-bearing 
walls supported by shallow footings. A number of the original footings in Block 'A' were 
underpinned some time before the JLEP. Block 'A' is located above the eastern end of 
London Bridge underground station while Block 'B' is situated to the south. 
By the end of underground construction the total settlement recorded varied 
between approximately 25 and 70 mm for Block 'A', and between approximately 10 and 
35 mm for Block 'B'. The value of 70 mm is indicative and has been estimated from the 
time-settlement behaviour of monitoring points on the adjacent Collegiate House; due to 
access difficulties, monitoring in the NW corner of Block 'A' of Mary Sheridan House 
ceased some time before the end of the sub-surface works. It has been assumed that 
the maximum settlement occurred in the NW corner of the Block 'A' building footprint. 
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The damage observed throughout Mary Sheridan House was generally 
superficial in nature, consisting, principally, of fine cracking to plaster wall and ceiling 
finishes, particularly around door and window heads, and at ceiling/wall interfaces. The 
most severe damage occurred to the northeast-facing wall of the rear, single-storey 
extension to Block 'A', at its junction with the boundary wall of the adjoining property, 
The BT Building. Differential movement between the more recent extension and the 
boundary wall resulted in extensive sub-horizontal cracking of the northeast-facing wall 
of Block 'A'. In most cases, cracking was related to the resumption of movement along 
pre-existing defects; the damage to the rear, single-storey extension of Block 'A' is a 
notable exception in this regard. The damage resulting from the underground works 
was categorised by the JLEP as 'slight' {BRE, 1995). 
The slopes and deflection ratios determined during this research programme are 
consistent with this damage category, as are the crack widths reported and 
corresponding relative movements measured. 
The profiles of relative vertical displacement compiled from the electrolevel beam 
data indicate that, in general, a relatively rigid response was exhibited by the facades of 
the various buildings of Mary Sheridan House. In all cases, a twisting mode of 
deformation was also identified across the footprint of these buildings. A more flexible 
response is suggested where compensation grouting protective measures were applied; 
the three-dimensional response of the building footprint is more complex in these 
locations. 
Of the buildings at London Bridge considered in this thesis, Mary Sheridan 
House was subject to the least protective measure provision; significantly less grout was 
injected into the ground beneath the various building footprints. In this regard, much 
more grout was injected beneath the footprints of the buildings forming Block 'A' than 
Block 'B'. Interestingly, the conditioning of the TAMs beneath Block 'B' resulted in some 
of the more significant movements recorded, a heave of the order of 10 mm being 
generated. 
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11.6 Conclusions 
This chapter has presented the most significant aspects of building behaviour 
observed during the construction of London Bridge underground station on the JLE, for 
those case history buildings situated along the northern side of St Thomas Street. 
These observations have been summarised for each building at the end of the 
appropriate sub-section above. The salient deformation parameters evaluated for these 
buildings during the construction phase are included, as appropriate, in Tables 12.1, 
12.2 and 12.3 of Chapter 12 together with the actual level of damage sustained. 
In the following paragraphs overall conclusions are made concerning the case 
studies discussed in this chapter. With the exception of Alam House, which is a modern 
reinforced concrete framed structure supported by a raft foundation, the buildings 
considered in this chapter are of the order of 300 years old. Much cracking was evident 
throughout these buildings during the pre-construction defect surveys. The condition of 
the building fabric had a significant influence on the subsequent behaviour of these 
buildings during the sub-surface works and thus the nature of the damage recorded. 
Where applied, the structural protective measures, for example the strapping to the bell 
tower of the Southwark Cathedral Chapter House, were successful in modifying the 
nature of the building response, limiting damaging crack movements. 
On the basis of the available monitoring data the buildings under consideration in 
this chapter, on the north side of St Thomas Street directly above JLE London Bridge 
underground station, appear to have responded in a relatively rigid manner to the sub-
surface works. Definite correlations between building response and construction activity 
have been established. The time-line for each building can be divided into a number of 
specific periods based on construction activity, excavation and ground treatment, and 
corresponding building response. For each of the case history buildings, the absolute 
movements compiled are characterised by the dramatic increase recorded on the 
cessation of compensation grouting in the vicinity. The exception is Block 'B' of Mary 
Sheridan House. 
The greatest movements were recorded beneath the single-storey annex to the 
Southwark Cathedral Chapter House. This is consistent with the observations made 
during construction of the presence of a channel-shaped deposit, a soft, saturated sand, 
which resembled a remnant scour feature, within the invert of the station concourse 
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tunnel, along the eroslonal contact between the London Clay and the Lambeth Group. 
Construction in the vicinity was difficult (see Chapter 6 for further details). In addition, 
this area also coincides with a possible erosional feature at the top of the London Clay, 
reducing the clay cover to the station tunnels below . 
Protective measures incorporating a combination of permeation and 
compensation grouting ground treatment works helped to control and limit the 
deformations to the buildings; compensation grouting can be particularly effective in 
controlling relative displacements if an appropriate strategy is applied. A substantial 
amount of the total settlement recorded, took place after the cessation of compensation 
grouting in the vicinity. 
The anticipated movements, slopes and potential damage categories for these 
buildings are presented in Table 8.2 of Chapter 8 while the actual behaviour recorded is 
summarised in Tables 12.1,12.2 and 12.3 of Chapter 12. It is evident on comparison 
of these tables that the maximum recorded settlements and slopes are considerably less 
than those anticipated in advance of construction, employing 'greenffe/c/'surface 
settlement assumptions, as is the overall level of damage sustained, which is considered 
to be no more than 'slight' {BRE, 1995). This level of damage sustained is based on a 
cumulative assessment. No allowance has been made for the 'damage' pertaining prior 
to commencement of underground construction in the vicinity. The slopes and deflection 
ratios determined for these buildings during this research programme are consistent with 
this damage category, as are the crack widths reported and corresponding relative 
movements measured. 
In some cases the severity of the damage sustained in the interim was greater 
than at the end of construction as cracks opened and closed in response to the 
progression of the tunnelling. Overall, the damage was generally superficial in nature 
and confined largely to the finishes, and, in particular, brittle, ornate decorative features. 
Much of the damage occurred towards the end of underground construction, for example 
the cracking in the ceiling of the undercroft and hall of the chapel to the Southwark 
Cathedral Chapter House. In some cases, the damage occurred once construction was 
complete in the area, for example the ceiling collapse in Collegiate House. The 
buildings were considered structurally sound throughout underground construction. 
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The more significant damage that was observed throughout the buildings during 
the construction of the underground station is described, in chronological order, 
correlating, as far as possible, construction activities with the onset and propagation of 
the cracking, and, in particular, the relative locations and orientations of the cracks. 
Where appropriate, details of the structural protective measures implemented to 
particular buildings, both in advance of and as construction progressed in the vicinity, 
are also given. Significant crack movements, up to several millimetres in magnitude, 
were recorded at a number of locations within the older case history buildings studied in 
this chapter. In the majority of these cases the deformation resulted from the 
resumption of movement along pre-existing features, for example the sub-vertical cracks 
in the bell tower of the Chapter House. Several of the cases illustrate the influence of 
structural discontinuity on subsequent building behaviour, for example the full height 
vertical crack in the southwest corner of the Chapter House chapel. Other monitoring 
demonstrates the influence of relative stiffness in crack initiation and subsequent 
propagation, for example the concentration of cracking around the stairwells and lift 
shaft at Mary Sheridan House. 
It has been demonstrated that the combination of vertical and rotational 
movement resulting from the tunnelling works is sufficient to cause damage to the more 
brittle building materials, for example plaster; very little deterioration has been observed 
for the more flexible building materials, for example the older low strength bricks and 
lime mortar. 
However, it should be noted that the crack monitoring strategy adopted at 
London Bridge was reactive in nature. This has had a significant influence on 
subsequent analysis and interpretation; movement had resumed on most cracks before 
monitoring commenced and thus all measurements presented herein relate to relative 
movements. 
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Conclusions and 
recommendations 
In this chapter, the overall conclusions of the research with regard to building 
behaviour, underground construction, protective measures, and instrumentation and 
monitoring are presented. Areas for further research in relation to underground station 
construction are also identified. The chapter concludes with some recommendations for 
best practice on such large-scale ground engineering projects. 
12.1 Introduction 
Structural deformation and building damage that result from soft ground 
tunnelling remain poorly understood. Such soil-structure interaction problems are very 
complex and interactive in nature: just as tunnelling-induced ground movements affect 
buildings, the presence of such surface structures influence the magnitude and nature of 
these ground movements. The behaviour of large, geometrically complex underground 
structures, in particular, is not well understood at present. Their design is largely 
empirical; the prediction of the anticipated ground movements generated by the 
construction of such structures is at best approximate. 
The use of ground treatment processes, for example compensation grouting, as a form 
of protective measure further complicates matters. At London Bridge, extensive use 
was made of compensation grouting protective measures during construction of the sub-
surface complex; such measures can substantially modify the ground response 
expected. 
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12.2 Aim of researcii 
The aim of the research described in this thesis was the conversion of a number 
of the factual case records of building response to tunnelling-induced ground 
subsidence, which were compiled during the construction of London Bridge underground 
station on the Jubilee Line Extension, into comprehensive, fully-interpreted case 
histories. The locations of the case history buildings are shown in relation to the sub-
surface works in Figure 12.1. 
12.3 Compilation of Case Histories 
A fundamental part of the process of converting factual records into fully-
interpreted case histories is the assimilation of the various construction activities with the 
monitoring data, into an overall time-line for a particular structure. The timing and 
location of all significant construction activities, in the case of London Bridge excavation 
phases and grouting episodes, are integrated with the measured ground and building 
movements, and the onset and progression of any damage. As detailed at the 
beginning of Chapter 6, the preparation of such a detailed account of the sequencing of 
the works at London Bridge proved to be an overly labour-intensive and painstaking 
exercise. The process was very much iterative in nature, resulting in several instances 
of needless repetition and abortive effort, one such example being the compilation of the 
compensation grouting records, which required three major iterations before the 
complete dataset of almost 40,000 injections had been collated. The construction 
records were neither particularly well-catalogued or accessible. On Contract 104 of the 
JLEP, the need to preserve these records was not widely appreciated; the focus was 
primarily on progress. 
'Understanding the response of a building to ground movements is greatly aided 
by having a detailed knowledge of the previous uses of the site, the way the building 
was constructed and the changes that have taken place historically - what might be 
called the genesis of the building' (Burland, 2001). The detailed study of the fabric and 
structure of a building is essential as it is often these aspects that dictate the building's 
response to ground movements. Notable examples given in this thesis include the 
junction between the bell tower and chapel of the Southwark Cathedral Chapter House, 
and the interface between the buildings along the rear facade of Collegiate House. Both 
of these examples are discussed in detail in Chapter 11. The salient historical details of 
the site together with those of the buildings within it, have been summarised in 
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Chapter 8. It is important to appreciate that a building may have been refurbished in the 
past, with additions/deletions having been made to its structural form either below or 
above ground, or both as was the case for the buildings that comprise Mary Sheridan 
House, St Thomas Street. Of particular importance are historical attempts to underpin 
or strengthen the building. 
12.4 Overall surface settlement response 
In validating the precision level monitoring data for the site in Chapter 9, the 
overall surface settlement response to the construction of the underground station has 
been characterised and the limitations of the data acknowledged. Settlement 
development is largely as expected given the construction sequencing and application of 
protective measures. The distribution of the measured vertical displacements generally 
corresponds with the locations of the various sub-surface structures; the greatest 
movements are observed over the tunnels, settlements decreasing with increasing 
distance away from sub-surface structures. 
As detailed in Chapter 6, construction of the underground station was generally 
trouble-free; the lower units of the London Clay Formation (see Chapter 5 for definitions 
of these sub-units and their engineering significance), in which the majority of the 
tunnels were formed, was largely stable throughout excavation. There are two 
exceptions of particular note. Firstly, the excavation of the intermediate horizontal 
concourse of the eastern escalator shaft, which encountered the interface between the 
Thames Terrace Gravels and the London Clay along its length. The elevation of this 
interface was some two metres lower than anticipated, approximately 1.5 m below the 
crown level of the concourse tunnel; it correlates approximately with the 'scour hollow' a\ 
the top of the London Clay Identified historically in the vicinity (see Chapter 5 and 
Figure 8.11). The corresponding ground conditions encountered during tunnel driving 
were poor, a band of saturated gravels in the crown making construction slow and 
difficult, necessitating full-face timber support. Despite these difficulties, building 
response was little affected (see Chapter 10). 
As shown in Figure 12.2, the maximum recorded settlements are situated 
beneath the single-storey annex to the Southwark Cathedral Chapter House. A channel-
shaped feature consisting of a soft, saturated sand, which resembled a remnant scour 
feature, was observed within the invert of the station concourse tunnel, along the 
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erosional contact between the London Clay and the Lambeth Group, below this 
structure. Deane & Bassett (1995) noted that the completion of the shotcrete ring for the 
Heathrow Express trial tunnel was a significant factor in arresting crown settlement. 
This area also coincided with a possible erosional feature at the top of the London Clay 
(see Chapter 6). Construction in the vicinity was difficult. 
In areas where compensation grouting was undertaken, the magnitude and 
distribution of the vertical movements have been modified accordingly. Where the 
surficial deposits have been permeation grouted, a locally, stiffer response is observed; 
this is significant as the tunnels and shafts formed through the Terrace Gravels are 
invariably at shallow depths. The congested urban environment, and, in particular, the 
presence of relatively stiff structures at the surface has also modified the distribution of 
settlement recorded. 
As shown in Figures 9.27 to 9.43 of Chapter 9, a feature of the observed 
response is the relatively narrow and, in parts, asymmetric nature of the transverse 
surface settlement trough in comparison to that predicted for the station complex, 
adopting typical values for the various design parameters. The narrower settlement 
trough is largely attributed to the construction method employed to form most of the 
tunnels, particularly those of large diameter: the SCL technique. This observation is 
consistent with the findings of Dimmock (2003) for the JLE at Waterloo, and New & 
Bowers (1994) for the Heathrow Express Trial Tunnel. From the results of the Heathrow 
Express Trial Tunnel, Deane & Bassett (1995) suggest that the specific excavation 
sequence adopted when using the SCL technique, can influence the nature of the 
subsequent settlement trough. The excavation sequence generally adopted at London 
Bridge, that of full-width sequential heading/bench/invert, corresponds with Deane & 
Bassett's Type 3'excavation sequence, which gave the narrowest settlement trough of 
those investigated at Heathrow. The asymmetric nature of the surface settlement trough 
as shown in, for example Figure 9.42, is ascribed not only to the layout adopted for, but 
also the implementation of the compensation grouting protective measures. No 
protective measures were provided beneath either St Thomas Street or London Bridge 
Street, resulting in much greater settlements at these locations; in some cases the 
settlements are close to that of the green field simulations (see Figure 9.42 for 
example). 
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The orientation and layout of JLE London Bridge underground station in relation 
to the buildings above are fundamental factors in defining the nature of the subsequent 
surface settlement trough. The tunnels of the station generally traverse the footprints of 
the surface structures at angles of less than 45° to the longitudinal facades of the 
buildings, tending more to a parallel orientation than a perpendicular one. As a result 
the shorter, transverse facades of the buildings correlate approximately with the 
corresponding overall two-dimensional transverse settlement trough. Such a 
configuration minimises overall differential movements both along and across individual 
building footprints. 
During construction, however, the beneficial effects of such a tunnel layout may 
be far more limited; larger building distortions can occur during the passage of the 
subsidence waves than on completion of underground construction, inducing additional, 
transient twisting deformations as was the case for Telephone House. The sequence of 
construction implemented is dependent upon many factors, not just those related to 
settlement considerations; logistics and available resources may govern the sequence 
ultimately selected. Unless great care is taken in the planning and sequencing of 
activities, little benefit may be realised from this permanent arrangement during 
construction. 
12.5 Building Behaviour 
The most significant aspects of building behaviour observed during the 
construction of London Bridge underground station are presented in Chapters 10 and 
11 for a number of the buildings situated directly above the sub-surface complex. As 
summarised in Table 8.1, the structures are of differing age, and various geometries, 
structural nature and foundation type. The data presented in Tables 12.1,12,2 and 12.3 
summarises the behaviour of the case history buildings during underground 
construction. For each building, definite correlations are established between 
construction activity and building response. Two distinct 'overa//'periods are identified: 
that time when compensation grouting protective measures were implemented in the 
vicinity and that period when they were not. Within these 'oi/era//'periods, further 
periods based on the observed building response/movements in relation to the 
construction activities in progress in the vicinity are identified. 
The provision of structural protective measures as underground construction 
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progressed, for example support to the brittle ornate plaster finishes of The Southwark 
Cathedral Chapter House, generally resulted from specific incidents of damage 
occurring, it was provided largely to reassure building owners/occupiers rather than out 
of a particular engineering necessity. 
As detailed in Table 12.1, the case history buildings generally respond in a 
relatively rigid manner overall to the sub-surface works. The compensation grouting 
strategy of maintaining building movements within an absolute limit contributes to such 
behaviour. Only two of the buildings. Telephone House and Fielden House, exhibit 
relatively flexible behaviour overall; a relatively more rigid response was displayed by 
both structures before the cessation of compensation grouting operations in the vicinity. 
Both these buildings have length to breadth ratios in excess of three. The 
corresponding ratios for all the other case history buildings are less than three. The 
foundations of Telephone House consist of spread footings while Fielden House has a 
piled foundation. The other case history buildings either have raft foundations or spread 
footings. In the case of Mary Sheridan House, extensive underpinning works were 
undertaken some time before the JLEP as part of general refurbishment works. Typical 
of bearing wall structures. Telephone House is not tied laterally (Powderham et a!., 
2003). During underground construction, cracking propagated between the exterior, 
northeast-facing bearing wall and the interior floors of the building, adjacent to the 
ground treatment boundary. The superstructure of Fielden House comprises a 
reinforced concrete frame. The above commentary demonstrates that for each case 
history building there is a range of factors, which contribute to the response observed, 
and that it is not possible to discern which governs the overall building behaviour. The 
nature of the response exhibited by each building appears to have no influence on the 
corresponding level of damage sustained. 
All the case history buildings above the underground station experience relatively 
large absolute settlements, although much less than that estimated in the absence of 
compensation grouting protective measures. An abrupt increase in vertical 
displacement is recorded on the cessation of compensation grouting ground treatment 
operations. As detailed in Chapters 10 and 11, and summarised in Tables 12.2 and 
12.3, the magnitude of the distortions, differential settlements, slopes and deflection 
ratios, measured vary in response to both underground construction and protective 
measure provision. Along the collective facade on St Thomas Street, the response of 
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which is summarised in Figure 11.4.16, sagging deformation is evident above the 
concourse and adjacent station tunnel; hogging is indicated on the corresponding flank. 
Where it has been possible to estimate the in-plane horizontal strain, the 
magnitude is generally less than 500 microstrain, the value of limiting tensile strain 
delineating damage categories 0 and 1, 'negligible' and 'slight'{Boscardm & Cording, 
1989). Although small in magnitude it has been possible to identify the influence of 
particular construction activities on in-plane horizontal strain, most notably the passage 
of the eastbound station tunnel enlargement works, which is shown in Figure 10.3.18. 
Based on the observations made, and within the accuracy of these 
measurements, there is no apparent tendency for the horizontal strains to increase with 
Increasing building height (see Figures 10.2.20, 10.3.17 and 10.4.15), either during 
compensation grouting operations or following their cessation. This suggests that the 
buildings are undergoing predominantly vertical shearing distortions with 
correspondingly little bending deformation taking place. This finding for reinforced 
concrete framed buildings and load-bearing brickwork structures is similar to that of 
Standing (2002b) for The Ritz Hotel, a steel-framed building. The horizontal strains 
determined following the cessation of compensation grouting in the vicinity are little 
different to those evaluated when such protective measures were implemented. 
Although marked downward vertical movements are recorded over the former period, 
the corresponding differentials observed are of the same order of magnitude as those 
deduced for the latter period. 
Standing (2002a) demonstrated that the horizontal strains developed in the 
ground beneath the reinforced concrete framed building, Elizabeth House at Waterloo in 
South London, were not largely transmitted up through the foundation slab to the 
building; thermal effects governed the development of strain in the building 
superstructure. No protective measures were implemented within the ground beneath 
Elizabeth House. 
At London Bridge, concurrent compensation grouting was undertaken within the 
London Clay beneath the buildings adjacent to London Bridge Street during 
underground construction inhibiting somewhat, the generation of horizontal strain in the 
ground. Nevertheless, the residual ground strains developed are likely to have been 
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much larger than those determined for the corresponding building superstructures. On 
consideration of relative vertical displacement, the horizontal strains deduced from the 
total station surveying of the London Bridge Street structures are of the same order of 
magnitude as those determined at Elizabeth House. These results, while consistent with 
Standing's (2002a) observations, are not unexpected given the nature of the building 
foundations, particularly the massively underpinned BT Building and piled foundation of 
Fielden House. 
The actual level of damage incurred by each of the case history buildings at 
London Bridge is presented in Table 12.1; overall damage categories range from 
negligible to slight, 0 to 2. The damage was generally superficial in nature and confined 
largely to the finishes. The buildings were considered structurally sound throughout 
underground construction. The combination of vertical and rotational movement 
resulting from the tunnelling works is sufficient to cause damage to the more brittle 
building materials and finishes, for example ornate, decorative plaster features, but very 
little cracking is observed for the more flexible building materials, for example the older 
low strength bricks and lime mortar. Much of the damage occurred towards the end of 
underground construction. In some cases, the damage occurred once construction was 
complete; for example the plaster ceiling of Collegiate House, which 'looked as if it had 
been in a critical state for some time' (Sutherland, 1997) and failed after further 
weakening by the tunnelling-induced ground subsidence. This behaviour is consistent 
with the observation by Sutherland (1997) that 'old plaster on timber laths is often very 
fragile and sometimes can remain close to failure for many years, often spanning quite 
large distances between points of effective vertical support'. 
In the majority of cases, the deformation resulted from the resumption of 
movement along pre-existing features. Much cracking was evident throughout the 
buildings during the pre-construction defect surveys. The case histories demonstrate 
that the condition of the building fabric has a significant influence on the subsequent 
behaviour of a building, particularly those older structures, during underground 
construction and thus the nature of the damage incurred. In some cases the severity of 
the damage sustained in the interim was greater than at the end of construction. The 
case histories also show the influence of relative stiffness in crack initiation and 
subsequent propagation; a concentration of cracking is observed around the stiffer 
structural elements of the buildings, for example the lift shafts and stairwells of Fielden 
House. 
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In general at London Bridge, the instances of damage observed result from 
details within and between the buildings rather than relative deflections along or across 
structural elements. The joints and connections between adjacent structures are 
vulnerable to damage as they form locations of concentrated differential 
movement/strain. This vulnerability is exacerbated by differences in foundation, for 
example the strip footings of Telephone House and the mass concrete underpinning 
slab of the BT Building, or a ground treatment boundary, for example the junction 
between the buildings on the south side of London Bridge Street and the brickwork 
arches, which support this elevated road. 
The case histories demonstrate that the transitory movements generated during 
underground construction can be more severe than the movements on completion; the 
sequencing of the works can have a significant influence on the resultant deformation. 
If, in plan, a tunnel axis is at a skew to the overlying building footprint, and in the 
absence of protective measures, a permanent twisting mode of deformation will result. 
In cases where a number of tunnels traverse a building footprint, twist and its 
subsequent significance is far more difficult to assess; the imposition of protective 
measures, such as compensation grouting, increases the complexity of the problem still 
further. 
Twisting has been observed at London Bridge, for example as shown in Figure 
10.3.22 for the BT Building. However, the effect of such three-dimensional distortions 
has been lessened somewhat by the imposition of compensation grouting protective 
measures, and the relative juxtaposition of the various tunnels forming the station 
complex together with the sequencing of their construction. No damage has been 
directly attributed to this phenomenon. The magnitude of twist determined is consistent 
with that presented by Franzius (2004). Based on the observations made for the 
buildings along London Bridge Street in Chapter 10, the building superstructures are 
also subject to a twisting form of deformation, suggesting a torsional movement overall. 
-403-
Chapter 12: Conclusions and recommendations 
12.6 Protective measures 
At London Bridge, permeation grouting of tlie surficial soil was carried out in the 
vicinity of all the shafts and declines bar the JLE/NL interchange passage and eastern 
ventilation shaft, in advance of underground construction. This treatment of the Terrace 
Gravels was generally very successful (Field et al., 2000). The exception, as discussed 
in Sub-section 12.3 above, was the interface between the Terrace Gravels and the 
underlying London Clay in the vicinity of the eastern escalator shaft. 
The first, widespread use of compensation grouting as a protective measure on a 
major construction project in the U.K. was during the JLEP; it was the most extensively 
used form of protective measure on JLE Contracts 101 to 105. It had been first used as 
a protective measure in the U.K. in 1992, during the construction of a new escalator for 
the Bakerloo and Northern Lines at Waterloo Station on the London Underground 
(Harris et al., 1994). To date, the majority of experience with compensation grouting has 
been gained on the JLEP. 
At London Bridge, extensive use was made of this form of protective measure 
during the construction of the underground station. The TAM configuration ultimately 
adopted beneath the main station complex was rectangular in nature, use being made of 
the pre-existing sub-surface infrastructure. The unconventional nature of the TAM 
configuration resulted in an unconventional approach to grout injection. Nominal 
quantities of grout, approximately 25 and 30 litres during conditioning and grouting 
works proper, respectively, were injected through each grout port. The number of ports 
subject to grout injection depended on the type of pass being undertaken. A half pass 
consisted of grout injections being made through every second port, while a quarter 
pass comprised injections being made through every fourth port along the TAM 
respectively, i.e. one injection per 1 m^ and 2m^. This resulted in a large number of 
individual grout injections being made beneath the station complex. Grouting 'episodes' 
typically lasted several days and it is difficult to delineate such events. Essler (1998) 
comments on the importance of injecting grout in small quantities to achieve the degree 
of control necessary when 'compensating'ior the volume loss movements taking place 
and thus not generate excessive lift. Although this strategy was adopted at London 
Bridge instances of over-zealous grouting generating excessive uplift were noted. 
Compensation grouting was applied in a largely corrective manner at London 
Bridge, i.e. the affected structures were allowed to settle during tunnel excavation and 
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then jacked back up to their original position. Although this is not consistent with the 
original principle of compensation grouting it was an inevitable consequence of the 
restrictions imposed upon the construction sequence, particularly the imposition of a 
grouting exclusion zone. The compensation grouting process involves the injection of 
grout at relatively high pressure close to the tunnel crown. To ensure the stability of the 
excavation face, and any unsupported lengths of tunnel, during compensation grouting 
ground treatment operations an exclusion zone was incorporated into the construction 
cycle at London Bridge, which encompassed both sides of, and advanced with the 
tunnel excavation face. This distancing of the compensation grouting operations from 
the excavation works through the imposition of an exclusion zone partly negates the 
benefit of the process as a protective measure. 
The corrective nature of much of the compensation grouting resulted in some 
damage being more severe in the interim than at the end of construction. Little 
cognisance appears to have been taken of the surface settlement trough in the daily 
grout injection strategy adopted. The focus was very much on the response of the 
individual buildings rather than the overall ground response. These case histories 
illustrate both the benefits of considering an area and the buildings within it as a whole, 
in relation to the underground structures that are to be constructed, when developing a 
compensation grouting strategy, and the adverse effects of independent consideration. 
The importance of the identification of structural continuity/discontinuity when assigning 
treatment zones and the limits thereof has also been highlighted. 
As demonstrated in Sub-section 10.3.1.6 of Chapter 10, compensation grouting 
can be particularly effective in controlling relative displacements, and thus building 
deformation, if an appropriate strategy is applied. One such example is the treatment 
adopted for the three buildings on London Bridge Street at the beginning of 1996, when 
the two outer buildings were effectively allowed to settle while the middle structure, the 
BT Building, was prevented from doing so by the application of compensation grouting. 
Care has to be taken not to induce potentially damaging hogging profiles, particularly 
during conditioning as was the case at Mary Sheridan House. 
In general at London Bridge, the compensation grouting process elicits a more 
rigid response from the overlying buildings to the underground construction activities. It 
was only following the cessation of compensation grouting ground treatment operations 
above the station complex that the relatively flexible responses ultimately exhibited by 
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both Telephone House and Fielden House became manifest. As shown in Table 12.1, 
while the absolute settlements recorded remain of relatively large magnitude, the 
corresponding differential movements are not. Where significant structural protective 
measures have been implemented, for example the mass concrete underpinning raft 
formed beneath the BT Building, a very much more rigid response is observed 
throughout underground construction. The BT Building was the least damaged of those 
situated in London Bridge Street. 
12.7 Long term movements 
Consolidation settlement can be reliably determined in the field only for cases 
where there are clearly defined construction activities of short duration (Harris, 2002). In 
such cases, the immediate, volume loss movements can be readily identified and 
subtracted from the overall movements to give the element due to consolidation. Where 
construction takes place over an extended period, involves the excavation of multiple 
tunnels or use is made of compensation grouting protective measures or the like, only 
an approximate estimate of the total consolidation settlement can be made. Harris 
(2002) suggests that if a tunnel is constructed relatively slowly, up to 20% of the total 
movement during construction can, in theory, be due to consolidation rather than 
undrained, volume loss movements. 
As an alternative to consolidation settlement, post-construction, long-term 
movements can be considered; these movements may only represent a small proportion 
of the total amount due to consolidation. In this thesis, long-term settlement is defined 
as the settlement that occurs after completion of all major underground excavation 
works in the vicinity of the case history buildings. Consolidation settlements are likely to 
have occurred prior to this date given the nature of the underground works being 
undertaken at London Bridge, and the prolonged period required in which to complete 
them. 
As detailed in Chapter 2, the magnitude, rate and distribution of long-term 
settlements depend largely on the initial pore pressure regime, the subsequent change 
in pore pressure due to tunnelling and the ability of the tunnels to act as drains. At 
London Bridge, there is a pre-existing network of tunnels and shafts, at both high and 
low level, which effectively surround the new station complex (see Figures 8.14 and 
8.15). By the time of the JLEP some of these tunnels had been insitu for more than 100 
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years. Where possible, the overall subsidence recorded and the corresponding long-
term, post-construction settlements, approximately three years after completion of 
underground construction, are shown in Figures 12.2 and 12.3, respectively, for the 
case history buildings at London Bridge. With the passage of time since completion of 
underground construction, the number of serviceable monitoring sockets remaining 
insitu has dwindled. 
As shown in Figure 12.2, the magnitude of overall subsidence varies throughout 
the site in relation to the areal distribution of the sub-surface works. The corresponding 
long-term settlements, which are shown in Figure 12.3, are generally of the order of 10 
mm, equivalent to an average annual rate of settlement of between about 2 and 3 mm. 
This magnitude is similar to that reported by Harris (2002) for Waterloo Station on the 
JLE; Waterloo Station is of a similar configuration to that at London Bridge and is subject 
to similar environmental factors. The findings are also consistent with those of Anketell-
Jones and Burland (2001), Anketell-Jones (1998) for the Mansion House in the City of 
London, to the north of London Bridge. There is a suggestion that the distribution of 
post-construction settlements correlates with those observed during underground 
construction; the trend is within the accuracy of the measurements made. The post-
construction, vertical displacements deduced for monitoring points along the northeast-
facing facades of both the BT Building and Fielden House are for a shorter period than 
the corresponding long-term settlements presented in Figure 12.3 for the other 
precision level monitoring points, and their respective magnitudes reflect this. 
A widely held although not readily demonstrable view ( Burland; Sutherland, both 
1996) is that buildings can more easily accommodate movements, which occur at a 
slower rate, without cracking; significant increases in distortion are required to cause 
damage. Harris (2002) concluded from a review of published case histories that long 
term settlements do not increase the risk of damage significantly. Deterioration of the 
building fabric may, however, occur as a result of delays In undertaking the appropriate 
remedial works. 
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12.8 Instrumentation 
At London Bridge, extensive use was nnade of electrolevel beams in an attempt 
to capture the real-time building movements that take place during the application of the 
compensation grouting protective measures. Their performance was mixed; the medium 
to long-term performance of the electrolevel beams was poor. As shown in Chapter 7, 
the locations of several of the strings was unfortunate, rendering them susceptible to, 
amongst other effects, significant thermal influence. Although method statements 
indicated that temperature measurements were to be made along each electrolevel 
beam string, this data has not been retrieved during the current research programme. 
As a result, the majority of the externally-situated strings of electrolevel beams could not 
be used, either in part or whole. In addition, problems were encountered when in excess 
of four electrolevel beams were combined in a string. The reason for such behaviour is 
not clear. Accurately verifying the validity of the relative movements recorded by the 
electrolevel beams also proved problematical; there was little integration between the 
layouts of the respective electrolevel beam strings and precision level monitoring points. 
In order to determine the deflection ratio of a facade a minimum of three 
monitoring points is required. It was common for there to be only two monitoring points 
installed within a particular facade at London Bridge; this resulted in span lengths 
between adjacent sockets of greater than 10 m. This distance is too great to facilitate 
an adequate description of the overall building behaviour, particularly where the works 
comprise the construction of a complex station layout. The optimum number of sockets 
will depend on a number of factors, including the geometric details and structural nature 
of the building, particularly the foundation details, and the works to be constructed 
beneath the building footprint. The requirements of the building owners may ultimately 
influence the final arrangement installed. 
On JLEP Contract 104, the precision level monitoring point sockets were 
installed in a combination of the brick/masonry/reinforced concrete units and associated 
mortar joints of the buildings. Ideally, a consistent approach should be adopted 
throughout to isolate a possible cause of movement. As part of this process, the age of 
the building and the nature of the construction materials should be considered. 
In addition, it is disappointing that the locations of the precision level monitoring 
points were not accurately surveyed-in during the construction contract; this should be a 
basic prerequisite for projects with substantial settlement monitoring requirements. This 
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omission lias reduced, somewliat, tine potential value of this research project not to 
mention the abortive time and effort expended; much more emphasis is now placed on 
engineering judgement and comparative assessment than quantitative statements. 
The crack monitoring strategy adopted at London Bridge was reactive in nature. 
This has had a significant influence on subsequent analysis and interpretation; 
movement had resumed on most cracks before monitoring commenced and thus all 
measurements presented herein relate to relative movements. In addition to 
construction monitoring, it would have been preferable if significant cracks had been 
identified within the buildings before underground construction commenced and 
background readings taken to assess the influence of any seasonal effects and thermal 
influences. A general theme evident in the monitoring undertaken on JLEP Contract 
104, is the apparent lack of temperature measurements. 
12.9 Potential damage assessment 
Ground displacement is an inevitable consequence of underground construction. 
The deformations and corresponding damage that may occur due to such sub-surface 
works are evaluated through the potential damage assessment process during the 
design of the works (see Sub-section 3.11 of Chapter 3). The critical parameters that 
are determined as part of the assessment process are deflection ratio and horizontal 
strain. As demonstrated in this thesis, the latter is rarely measured in the field, and the 
former is not adequately catered for. Also, the damage assessment process only 
considers in-plane movements at present. The case histories presented in this thesis 
illustrate that there is potential for twisting movements to occur where tunnels are driven 
at skew angles to the overlying building footprints. Such effects can contribute to the 
resulting damage observed, for example Telephone House. 
In addition, outwith Stage 3 of the current assessment methodology, no account 
is generally taken of the pre-existing condition of the building or the influence of any 
historical movements in the assessment process. In terms of damage classification, the 
assumption implicit in the methodology is that the building is within the negligible 
damage category prior to underground construction. As demonstrated in this thesis, this 
is seldom the case, especially for older buildings of historic significance, for example the 
Southwark Cathedral Chapter House. Thus, in its present form the potential damage 
assessment process implies that the promoter of a large-scale sub-surface infrastructure 
project accepts all the costs associated with remedial works to a building damaged by 
-409-
Chapter 12: Conclusions and recommendations 
tunnelling-induced ground subsidence, even though these works may include rectifying 
pre-existing damage. 
The following changes are proposed to Stage 2 of the current damage 
assessment methodology in order to take account of the pre-existing condition of the 
building under consideration and the influence of any historical movements. For 
buildings where significant damage is forecast analytically, particularly those buildings 
on the category 2/3 threshold, inspections should be undertaken by personnel 
experienced in soil-structure interaction problems, as part of the overall potential 
damage assessment process, and the pre-existing condition of the building as well as 
any prominent defects/cracks established; an initial damage classification would be 
assigned based on these inspections. The results of the analytical part of the potential 
damage assessment and the corresponding 'overa//'damage category resulting, should 
then be reviewed on the basis of the pre-existing condition of the building established by 
inspection, and an 'incremental'damage category assigned. The incremental 
classification would relate solely to that likely to be caused by tunnelling-induced ground 
subsidence. The 'incremental' damage category assigned could be used as a basis for 
damage classification in any subsequent Stage 3 assessment. 
The feasibility of adopting such an incremental approach to potential damage 
assessment could be investigated through back analysis of cases on the JLE, DLR or 
CTRL, or some prototypes on the forthcoming CrossRail project. 
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12.10 Recommendations 
In the following sub-sections, recommendations are given for future areas of 
research as well as improvements to current practice during underground construction. 
12.10.1 Future Research 
The available factual data for the remaining buildings in the near vicinity of the 
main station layout should be assessed for the feasibility of conversion into fully-
interpreted case histories. With regard to the compilation of case histories at other sites, 
the findings of this research programme and the case histories herein, should be used 
as a basis for the selection of cases for interpretation. 
This research project has concluded, based on the observations made, that 
reinforced concrete framed buildings and load-bearing brickwork structures display no 
apparent tendency for in-plane horizontal strains to increase with increasing building 
height, suggesting that the buildings are undergoing predominantly vertical shearing 
distortions with little bending deformation taking place. There is a need for further in-
plane horizontal strain data for structures of this type to complement the results 
presented herein and validate these preliminary conclusions. 
The research has revealed anomalies in the performance of the electrolevel 
beam strings installed throughout the JLEP Contract 104 site. Numerous instances of 
electrolevels recording apparent rotations unrelated to ground movements have been 
noted during this research programme. These anomalies should be comprehensively 
investigated through parametric studies undertaken on electrolevel beam strings of 
various length, both in the field and under controlled conditions in the laboratory, in a 
similar manner to that undertaken by Barakat (1996). 
As outlined above in Sub-section 12.9, the potential damage assessment 
process should be reviewed, particularly the methodology in relation to the pre-existing 
condition of buildings, and the feasibility of adopting an incremental approach examined. 
Validating the process three-dimensionally should also be investigated. The original 
damage classification was developed for low-rise dwellings and based on in-plane 
distortion alone. 
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12.10.2Future Practice 
The success of the research project in compiling building behaviour is largely 
constrained by the adequacy of the available construction records and monitoring data. 
The advent of the Construction Design and Management Regulations, and in particular 
the requirement to prepare Health and Safety Files, may inadvertently help to alleviate 
this problem. The JLEP was not generally subject to the requirements of this legislation 
although where such documents were prepared, for example the crash-deck platform In 
the Southwark Cathedral Chapter House, the information was more readily accessible. 
Alternatively, the incorporation in future projects of the requirement to prepare 
'maintenance' manua\s, similar to those already prepared for new construction, for 
structures, both surface and sub-surface, which are affected by the works, would be of 
great benefit both in preparing subsequent case histories and determining any claims. 
Copies of all the construction records and monitoring data relevant to a particular 
building would be included in this manual, in both digital and hard-copy formats. Such 
documents could form part of the undertaking between the tunnel promoter and third 
party, introducing further transparency into the damage assessment process. Although 
onerous conditions, such work may become the prerequisite in future tunnel 
construction. 
The taking of reliable, high quality field measurements involves a significant 
investment in personnel and time. The staff involved have to have a thorough 
knowledge of the instrumentation, its functioning and the purpose of the various 
measurements. The majority of the monitoring data presented in this thesis was collated 
by the various contractors employed on Contract 104, and thus its corresponding 
reliability and quality is not of normal research standard. With regard to the research 
project, this shortcoming must be viewed in relation to the quantity of measurements 
made and their relative magnitudes. Also, it would not be possible to undertake both the 
compilation and interpretation of such monitoring data within normal research 
programme constraints/schedules/time limits. 
An option, which would enhance the transparency of the monitoring process as 
well as the reliability and quality of the corresponding data, would be the appointment of 
an independent specialist monitoring consultant to carry out all the 'su/face'monitoring 
associated with the external Third Parties, i.e. property owners. This consultant would 
be dedicated to providing all parties, including perhaps a research team, with the 
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monitoring data in a pre-agreed format and to a given timescale. Such an arrangement 
has been initiated by London Underground for the ongoing redevelopment of Kings 
Cross underground station. 
A potential problem with this approach is interface conflicts between the 
monitoring consultant and the main contractor. These conflicts could be minimised if the 
consultant's remit is restricted to the surface and their scope of work clearly defined. On 
the recent Channel Tunnel Rail Link project, one organisation was appointed to 
coordinate data collation and dissemination although it is understood that this 
organisation did not carry out all of the monitoring works. This arrangement appears to 
have worked well in practice. 
On JLEP Contract 104, the fragmented nature of the monitoring process, with 
several different organisations involved in the installation of equipment and the 
subsequent collation of data, resulted in a corresponding dilution/diminution of 
responsibilities and effective communication. A more holistic approach is required if the 
data is to be fully utilised. A need for redundancy within the monitoring data is also 
highlighted. 
The importance of making temperature measurements has been emphasised in 
this thesis. Numerous instances of electrolevels recording apparent rotations unrelated 
to ground movements have been noted during this research programme. It is argued 
that these changes in rotation are due to changes in temperature in the vicinity. In order 
to take account of such effects on future monitoring projects, at least one thermocouple 
should be installed Immediately adjacent to each electrolevel beam string. Similar 
comments apply to the procedures that should be adopted during crack monitoring. 
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Appendix B: JLEP CI04 As-built drawings 
Drawing No. 104/A/00/11/800 Rev A London Bridge Station - General 
General Notes and Abbreviations. 
Drawing No. 104/A/00/11/802 Rev A 
Drawing No. 104/A/01/10/832 Rev A 
London Bridge Station 
General Notes for Piling. 
London Bridge Station 
General Arrangement of Lower Concourse 
Floor - Sheet 2 of 3. 
Drawing No. 104/A/01/10/833 Rev A London Bridge Station 
General Arrangement of Lower Concourse 
Floor - Sheet 3 of 3. 
Drawing No. 104/A/01/10/204 Rev A London Bridge Station - Jubilee Line 
General Arrangement of Station Tunnels 
Sheet 1 of 2. 
Drawing No. 104/A/01/10/205 Rev A London Bridge Station - Jubilee Line 
General Arrangement of Station Tunnels -
Sheet 2 of 2. 
Drawing No. 104/A/01/10/207 Rev A London Bridge Station - Jubilee Line 
Platform Tunnels - east End Details. 
Drawing No. 104/A/05/10/202 Rev A 
Drawing No. 104/A/05/12/203 Rev A 
London Bridge Station 
Jubilee Line Tunnels 
Track Alignments. 
London Bridge Station - Jubilee Line 
Running Tunnels 
Sections. 
Drawing No. 104/A/01/10/248 Rev A 
Drawing No. 104/A/01/10/222 Rev A 
Drawing No. 104/A/01/12/220 Rev A 
Drawing No. 104/A/01/10/224 Rev A 
Drawing No. 104/A/05/10/217 Rev A 
London Bridge Station - Jubilee Line 
General Arrangement of Central Concourse. 
London Bridge Station - Jubilee Line 
General Arrangement of Interchange 
Passage Sheet 1 of 2. 
London Bridge Station - Jubilee Line 
General Arrangement of Interchange 
Passage Sheet 2 of 2. 
London Bridge Station - Jubilee Line 
Connections to Existing Subway. 
London Bridge Station - Jubilee Line 
G.A. of Running Tunnels East of Station. 
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Drawing No. 104/A/01/12/219 Rev A London Bridge Station - Jubilee Line 
Duct Adit Openings between Central 
Concourse & Station Tunnel. 
Drawing No. 104/A/00/10/230 Rev A 
Drawing No. 104/A/00/10/240 Rev A 
Drawing No. 104/A/00/10/241 Rev A 
Drawing No. 104/A/00/10/231 Rev A 
Drawing No. 104/A/00/12/235 Rev A 
Drawing No. 104//V00/12/236 Rev A 
Drawing No. 104/A/00/12/237 Rev A 
Drawing No. 104/W/02/10/335 Rev G 
Drawing No. 104/W/02/10/300 Rev C 
Drawing No. 104/A/01/10/276 Rev A 
Drawing No. 104/A/01/10/280 Rev A 
Drawing No. 104/A/01/10/285 Rev A 
London Bridge Station 
Fielden House Underpinning Measures 
General Arrangement - Pile Layout. 
London Bridge Station 
20-26 London Bridge Street 
Underpinning General Arrangement. 
London Bridge Station 
20-26 London Bridge Street 
Underpinning - Sections & Details. 
London Bridge Station 
Fielden House Underpinning Measures 
General Arrangement - Pile Caps. 
London Bridge Station 
Fielden House Underpinning Measures 
Reinforcement Details - Pile Cap 1. 
London Bridge Station 
Fielden House Underpinning Measures 
Reinforcement Details - Pile Cap 2. 
London Bridge Station 
Fielden House Underpinning Measures 
Reinforcement Details - Pile Cap 3. 
Jubilee Line Extension - Northern Line 
G.A. of Escalator Shaft to 
Borough High St. Ticket Hall. 
London Bridge Station - Northern Line 
G.A. and Alignment of New Tunnels. 
London Bridge Station - Jubilee Line 
G.A. of East Escape Shaft & Connecting 
Passages - Sheet 1 of 3. 
London Bridge Station - Jubilee Line 
G.A. of East Escape Shaft & Connecting 
Passages - Sheet 2 of 3. 
London Bridge Station - Jubilee Line 
G.A. of East Escape Shaft & Connecting 
Passages - Sheet 3 of 3. 
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Drawing No. 104/A/01/10/283 Rev A London Bridge Station - Jubilee Line 
General Arrangement of East Ventilation 
Shaft Sheet 3 of 3. 
Drawing No. 104/A/03/10/401 Rev A London Bridge Station - BHS Ticket Hall 
Demolition of Nos. 31-37 Borough High 
Street Sheet 1 of 2. 
Drawing No. 104/A/01/10/260 Rev A London Bridge Station - Jubilee Line 
General Arrangement of East Ventilation 
Tunnels. 
Drawing No. 104/A/01/10/263 Rev A London Bridge Station - Jubilee Line 
General Arrangement of West Ventilation 
Shaft. 
Drawing No. 104/A/01/10/265 Rev A London Bridge Station - Jubilee Line 
General Arrangement of East Ventilation 
Shaft Sheet 2 of 3. 
Drawing No. 104/A/01/10/270 Rev A 
Drawing No. 104/A/01/10/274 Rev A 
London Bridge Station - Jubilee Line 
G.A. of West Escape Shaft. 
East Ventilation Shaft 
Diaphragm Wall Construction 
Excavation and Propping Sequence. 
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Appendix C: Geological Reports 
1. CTWJV (1997). Jubilee Line Extension Project Contract 104. Jubilee Line 
Eastbound Running Tunnel Geological Report. Report No. 104/F/01/25/022. 
Unpublished report to the JLEP by the Costain Taylor Wood row Joint Venture. 
June 1997. 
2. CTWJV (1997). Jubilee Line Extension Project Contract 104. Jubilee Line 
Westbound Running Tunnel Geological Report. Report No. 104/F/01/25/025. 
Unpublished report to the JLEP by the Costain Taylor Wood row Joint Venture. 
3. CTWJV (1997). Jubilee Line Extension Contract 104. Jubilee Line Eastbound 
Station Pilot Geological Report. Report No. 104/F/02/25/023. Unpublished 
report to the JLEP by the Costain Taylor Wood row Joint Venture. 
4. CTWJV (1997). Jubilee Line Extension Project Contract 104. Jubilee Line 
Eastbound Station Enlargement Geological Report. Report No. 104/F/02/25/024. 
Unpublished report to the JLEP by the Costain Taylor Woodrow Joint Venture. 
5. CTWJV (1997). Jubilee Line Extension Contract 104. Jubilee Line Westbound 
Station Pilot Geological Report. Report No. 104/F/02/25/026. Unpublished 
report to the JLEP by the Costain Taylor Woodrow Joint Venture. 
6. CTWJV (1997). Jubilee Line Extension Project Contract 104. Jubilee Line 
Westbound Station Enlargement Tunnel Geological Report. Report No. 
104/F/01/25/027. Unpublished report to the JLEP by the Costain Taylor 
Woodrow Joint Venture. June 1997. 
7. CTWJV (1997). Jubilee Line Extension Contract 104. Jubilee Line Concourse 
Pilot Geological Report. Report No. 104/F/02/25/036. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. 
8. CTWJV (1997). Jubilee Line Extension Project Contract 104. Jubilee Line 
Central Concourse Enlargement Tunnel Geological Report. Report No. 
104/F/01/25/037. Unpublished report to the JLEP by the Costain Taylor 
Woodrow Joint Venture. August 1997. 
9. CTWJV (1997). Northern Line Extension Contract 104. St Thomas Street Grout 
Tunnel Geological Report. Report No. 104/F/02/25/028. Unpublished report to 
the JLEP by the Costain Taylor Woodrow Joint Venture. October 1997. 
10. CTWJV (1997). Jubilee Line Extension Project Contract 104. Jubilee Line West 
Escalator Geological Report. Report No. 104/F/01/25/032. Unpublished report 
to the JLEP by the Costain Taylor Woodrow Joint Venture. July 1997. 
11. CTWJV (1997). Jubilee Line Extension Contract 104. Jubilee Line Interlocking 
Machine Room (I.M.R.) Tunnel Geological Report. Report No. 104/F/02/25/031. 
Unpublished report to the JLEP by the Costain Taylor Woodrow Joint Venture. 
July 1997. 
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12. CTWJV(1997). Jubilee Line Extension Project Contract 104. West Vent Tunnel 
Geological Report. Report No. 104/F/01/25/043. Unpublished report to the JLEP 
by the Costain Taylor Wood row Joint Venture. August 1997. 
13. CTWJV (1997). Jubilee Line Extension Project Contract 104. West Vent Shaft 
Geological Report. Report No. 104/F/01/25/045. Unpublished report to the JLEP 
by the Costain Taylor Woodrow Joint Venture. August 1997. 
14. CTWJV (1997). Jubilee Line Extension Project Contract 104. West Escape 
Shaft Geological Report. Report No. 104/F/01/25/066. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. November 1997. 
15. CTWJV (1997). Jubilee Line Extension Project Contract 104. Northern Line 
Interchange Passage Geological Report. Report No. 104/F/01/25/047. 
Unpublished report to the JLEP by the Costain Taylor Woodrow Joint Venture. 
August 1997. 
16. CTWJV (1997). Jubilee Line Extension Project Contract 104. Central 
Concourse Cross Passages Geological Report. Report No. 104/F/01/25/072. 
Unpublished report to the JLEP by the Costain Taylor Woodrow Joint Venture. 
November 1997. 
17. CTWJV (1997). Jubilee Line Extension Project Contract 104. 3 Way Escalator 
(Lower) Geological Report. Report No. 104/F/01/25/055. Unpublished report to 
the JLEP by the Costain Taylor Woodrow Joint Venture. September 1997. 
18. CTWJV (1997). Jubilee Line Extension Project Contract 104. 3 Way Escalator 
(Upper) Geological Report. Report No. 104/F/01/25/039. Unpublished report to 
the JLEP by the Costain Taylor Woodrow Joint Venture. September 1997. 
19. CTWJV (1997). Jubilee Line Extension Project Contract 104. East Escape Shaft 
Geological Report. Report No. 104/F/01/25/050. Unpublished report to the JLEP 
by the Costain Taylor Woodrow Joint Venture. September 1997. 
20. CTWJV (1997). Jubilee Line Extension Project Contract 104. East Vent Shaft 
Geological Report. Report No. 104/F/01/25/069. Unpublished report to the JLEP 
by the Costain Taylor Woodrow Joint Venture. November 1997. 
21. CTWJV (1997). Jubilee Line Extension Contract 104. East Vent Tunnel 
Geological Report. Report No. 104/F/02/25/044. Unpublished report to the JLEP 
by the Costain Taylor Woodrow Joint Venture. 
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1. Mott MaoDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of Barclays Bank, Nos. 27-29 Borough High St. 
Report No. 60004/Y30/10/Rev B. Unpublished report to the JLEP by Mott 
MacDonald. March 1995. 
2. Mott MacDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of The Bunch of Grapes Public House, No. 2 St 
Thomas Street SE1. Report No. 60004/Y30/14/Rev B. Unpublished report to the 
JLEP by Mott MacDonald. March 1995. 
3. Mott MacDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of Nos. 4-16 St Thomas Street (New City Court) 
Report No. 60004/Y30/16 Rev B. Unpublished report to the JLEP by Mott 
MacDonald. March 1995. 
4. Mott MacDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of Nos. 1-7 St Thomas Street. Report No. 
60004/Y30/03/Rev B. Unpublished report to the JLEP by Mott MacDonald. 
March 1995. 
5. Mott MacDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of Southwark Cathedral Chapter House. Report No. 
60004/Y30/05 Rev B. Unpublished report to the JLEP by Mott MacDonald. 
March 1995. 
6. Mott MacDonald (1997). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of Southwark Cathedral Chapter House. Report No. 
60004/Y30/05A Rev A. Unpublished report to the JLEP by Mott MacDonald. 
October 1997. 
7. Mott MacDonald (1994). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of 9 St Thomas St. Report No. 60004/Y30/02 Rev A. 
Unpublished report to the JLEP by Mott MacDonald. October 1994. 
8. Mott MacDonald (1997). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of 9 St Thomas St. Report No. 60004/Y30/02A Rev 
A. Unpublished report to the JLEP by Mott MacDonald. October 1997. 
9. Mott MacDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of 11-19 St Thomas Street. Report No. 60004/Y30/01 
Rev B. Unpublished report to the JLEP by Mott MacDonald. March 1995. 
10. Mott MacDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of No. 19A Borough High St. 
Report No. 60004/Y30/04/Rev B. Unpublished report to the JLEP by Mott 
MacDonald. March 1995. 
11. Mott MacDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of Nos. 4-6 London Bridge St. 
Report No. 60004/Y30/19/Rev B. Unpublished report to the JLEP by Mott 
MacDonald. March 1995. 
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12. Mott MacDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of Nos. 8-18 London Bridge St. 
Report No. 60004/Y30/06/Rev B. Unpublished report to the JLEP by Mott 
MacDonald. March 1995. 
13. Mott MacDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of Nos. 20-26 London Bridge St. 
Report No. 60004/Y30/07/Rev B. Unpublished report to the JLEP by Mott 
MacDonald. March 1995. 
14. Mott MacDonald (1995). Jubilee Line Extension Contract No. 057 London Bridge 
Station. Structural Survey of Fielden House 28-30 London Bridge Street. 
Report No. 60004/Y30/12 Rev B. Unpublished report to the JLEP by Mott 
MacDonald. March 1995. 
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1. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0086/04 Ground Floor and Basement 1 St Thomas Street, 
London, SE1 9RY. Unpublished report to the JLEP by Clarke Nicholls & Marcel. 
March 1994. 
2. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0086/01 First Floor 1 St Thomas Street, London, SE1 9RY. 
Unpublished report to the JLEP by Clarke Nicholls & Marcel. August 1994. 
3. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0086/03 Second Floor 1 St Thomas Street, London, SE1 9RY. 
Unpublished report to the JLEP by Clarke Nicholls & Marcel. March 1994. 
4. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0086/02 Third Floor 1 St Thomas Street, London, SE1 9RY. 
Unpublished report to the JLEP by Clarke Nicholls & Marcel. April 1994. 
5. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0086/00 Part 1 of 2 (Common Areas) 1 St Thomas Street, 
London, SE1 9RY. Unpublished report to the JLEP by Clarke Nicholls & Marcel. 
September 1994. 
6. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0086/00 Part 2 of 2 (Common Areas) 1 St Thomas Street, 
London, SE1 9RY. Unpublished report to the JLEP by Clarke Nicholls & Marcel. 
August 1994. 
7. Clarke Nicholls & Marcel (1995). The Jubilee Line Extension. Schedule of 
Defects of 104/0091/01 Post Office, 19a Borough High Street, London, SE1 9SE. 
Unpublished report to the JLEP by Clarke Nicholls & Marcel. 
8. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0087/02 3 Parts. The Operating Theatre Museum, 9a St Thomas 
St, London, SE1 9RY. Unpublished report to the JLEP by Clarke Nicholls & 
Marcel. August 1994. 
9. Bowden, Sillett & Partners (2000). 9/9A St Thomas Street, SE1. Remedial Work 
Sheets for the Rehabilitation of the Premises following Defects resulting from the 
Jubilee Line Extension Tunnelling Works. Unpublished report to the Chapter 
Group by Bowden, Sillet & Partners. June 2000. 
10. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0088/01 6 Parts. 9 St Thomas St, London, SE1 9RY. 
Unpublished report to the JLEP by Clarke Nicholls & Marcel. September 1994. 
11. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0089/01 Volume 1 of 3, 7 Parts. Internal Spaces, Basement, 
Ground and First Floors. Mary Sheridan House 11-19 St Thomas St, London, 
SE1 9RY. Unpublished report to the JLEP by Clarke Nicholls & Marcel. 
September 1994. 
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12. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0089/02 Volume 2 of 3, 4 Parts. Second and Third Floors, and 
Roof Area. Mary Sheridan House 11-19 St Thomas St, London, SE1 9RY. 
Unpublished report to the JLEP by Clarke Nicholls & Marcel. June 1994. 
13. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0089/03 Volume 3 of 3, 5 Parts. External Elevations and External 
Areas. Mary Sheridan House 11-19 St Thomas St, London, SE1 9RY. 
Unpublished report to the JLEP by Clarke Nicholls & Marcel. December 1994. 
14. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0097/00 Telephone House 10-18 London Bridge St, London, SE1 
9SH. Unpublished report to the JLEP by Clarke Nicholls & Marcel. 
15. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0098/01 6 Parts. 20-26 London Bridge St, London, SE1 9SH. 
Unpublished report to the JLEP by Clarke Nicholls & Marcel. 
16. Clarke Nicholls & Marcel (1994). The Jubilee Line Extension. Schedule of 
Defects of 104/0099/00 Fielden House, 28-42 London Bridge St, London, SE1 
9SG. Unpublished report to the JLEP by Clarke Nicholls & Marcel. 
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1. CTWJV (2000). Jubilee Line Extension Contract 104. Borough Market Structure 
Settlement Report. Report 104/F/00/25/042. Unpublished report to the JLEP by 
the Costain Taylor Wood row Joint Venture. December 2000. 
2. CTWJV (2000). Jubilee Line Extension Contract 104. National Westminster 
Bank Structure Settlement Report. Report 104/F/00/25/038. Unpublished report 
to the JLEP by the Costain Taylor Wood row Joint Venture. December 2000. 
3. CTWJV (2000). Jubilee Line Extension Contract 104. No.2 Southwark Street 
Structure Settlement Report. Report 104/F/00/25/039. Unpublished report to the 
JLEP by the Costain Taylor Wood row Joint Venture. December 2000. 
4. CTWJV (2000). Jubilee Line Extension Contract 104. Nos. 39-41 Borough High 
Street Structure Settlement Report. Report 104/F/00/25/0 . Unpublished 
report to the JLEP by the Costain Taylor Woodrow Joint Venture. December 
2000. 
5. CTWJV (2000). Jubilee Line Extension Contract 104. Barclays Bank Building 
Structure Settlement Report. Report 104/F/00/25/035. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. December 2000. 
6. CTWJV (2000). Jubilee Line Extension Contract 104. Bunch of Grapes Public 
House Structure Settlement Report. Report 104/F/00/25/034. Unpublished 
report to the JLEP by the Costain Taylor Woodrow Joint Venture. December 
2000. 
7. CTWJV (2000). Jubilee Line Extension Contract 104. New City Court Buildings 
Structure Settlement Report. Report 104/F/00/25/033. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. September 2000. 
8. CTWJV (2000). Jubilee Line Extension Contract 104. Post Office Building 
Structure Settlement Report. Report 104/F/00/25/032. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. November 2000. 
9. CTWJV (2000). Jubilee Line Extension Contract 104. 1-7 St Thomas Street 
Structure Settlement Report. Report 104/F/00/25/030. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. November 2000. 
10. CTWJV (2000). Jubilee Line Extension Contract 104. Chapter House Chapel 
Structure Settlement Report. Report 104/F/00/25/028. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. November 2000. 
11. CTWJV (2000). Jubilee Line Extension Contract 104. Collegiate House 
Structure Settlement Report. Report 104/F/00/25/029. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. November 2000. 
12. CTWJV (2000). Jubilee Line Extension Contract 104. 4-8 London Bridge Street 
Structure Settlement Report. Report 104/F/00/25/031. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. November 2000. 
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13. CTWJV (2000). Jubilee Line Extension Contract 104. 10-18 London Bridge 
Street Structure Settlement Report. Report 104/F/00/25/024. Unpublished 
report to the JLEP by the Costain Taylor Wood row Joint Venture. December 
2000. 
14. CTWJV (2000). Jubilee Line Extension Contract 104. Mary Sheridan House 
Structure Settlement Report. Report 104/F/00/25/026. Unpublished report to the 
JLEP by the Costain Taylor Wood row Joint Venture. November 2000. 
15. CTWJV (2000). Jubilee Line Extension Contract 104. Guys Hospital Building 
Structure Settlement Report. Report 104/F/00/25/027. Unpublished report to the 
JLEP by the Costain Taylor Wood row Joint Venture. December 2000. 
16. CTWJV (2000). Jubilee Line Extension Contract 104. 20-26 London Bridge 
Street Structure Settlement Report. Report 104/F/00/25/023. Unpublished 
report to the JLEP by the Costain Taylor Woodrow Joint Venture. December 
2000. 
17. CTWJV (2000). Jubilee Line Extension Contract 104. New London Bridge 
House and 5 London Bridge Street Structure Settlement Report. Report 
104/F/00/25/021. Unpublished report to the JLEP by the Costain Taylor 
Woodrow Joint Venture. December 2000. 
18. CTWJV (2000). Jubilee Line Extension Contract 104. 21-27 St Thomas Street 
Structure Settlement Report. Report 104/F/00/25/025. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. November 2000. 
19. CTWJV (2000). Jubilee Line Extension Contract 104. Fielden House Structure 
Settlement Report. Report 104/F/00/25/022. Unpublished report to the JLEP by 
the Costain Taylor Woodrow Joint Venture. December 2000. 
20. CTWJV (2000). Jubilee Line Extension Contract 104. Southwark Towers 
Structure Settlement Report. Report 104/F/00/25/020. Unpublished report to the 
JLEP by the Costain Taylor Woodrow Joint Venture. December 2000. 
21. CTWJV (2000). Jubilee Line Extension Contract 104. London Bridge Station 
Concourse Structure Settlement Report. Report 104/F/00/25/019. Unpublished 
report to the JLEP by the Costain Taylor Woodrow Joint Venture. December 
2000. 
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1. London Underground Limited (1996). Jubilee Line Extension Project Contract 
104 London Bridge Station. Status Report on Collegiate House and Chapter 
House. Unpublished report by the JLEP. August 1996. 
2. London Underground Limited (1997). Jubilee Line Extension Project Contract 
104 London Bridge Station. Chapter House Status Report. Document No. 104-
DCN-GEN-RP-99. Unpublished report by the JLEP. March 1997. 
3. London Underground Limited (1997). Jubilee Line Extension Project Contract 
104 London Bridge Station. Chapter House Status Report. Document No. 104-
DCN-GEN-RP-101. Unpublished report by the JLEP. June 1997. 
4. London Underground Limited (1998). Jubilee Line Extension Project Contract 
104 London Bridge Station. Southwark Cathedral Chapter House Status Report. 
Unpublished report by the JLEP. October 1998. 
5. London Underground Limited (1999). Jubilee Line Extension Project CI04, 
Southwark Chapter House, Defect monitoring data. Document No. GEN-PEM-
GEO-RP-4921. Unpublished report prepared by the JLEP. October 1999. 
6. London Underground Limited (2000). Jubilee Line Extension Project Non-LUL 
Assets. CDM Health and Safety File. The Southwark Cathedral Chapter House, 
Nos. 9 & 9a St Thomas Street, SE1. Unpublished report prepared by the JLEP. 
June 2000. 
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